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ABSTRACT
MICRO- AND MACROSCOPIC PHOTONIC CONTROL OF MATTER
By
Anton Ryabtsev
This dissertation outlines the development of several methods and techniques that enable comprehensive
control of laser-matter interactions and nonlinear optical processes using shaped femtosecond pulses.
Manipulation of the spectral phases and amplitudes of femtosecond laser pulses provides an effective way
to adjust laser parameters, both those intrinsic to pulse generation within a laser and those induced by
laser-matter interactions. When coupled with a fundamental understanding of the interactions between a
laser’s electric field and the molecules in the propagation media, these methods make the behavior of
laser pulses predictable and allow the experimental information they carry to be extracted accurately. The
ultimate motivation is to enhance the accuracy and reproducibility of spectroscopic measurements and to
control nonlinear processes during light-matter interaction using shaped femtosecond pulses.

Ultrafast laser systems have become one of the most important scientific tools in femtochemistry,
nanoscale material science, chemical detection and sensing, and many other applications where processes
occur at femtosecond (fs, 107" of a second) timescales or when broad laser bandwidths are required. As
with any measuring instrument, it is very important to know system’s exact parameters in order to make
meaningful, accurate and reproducible measurements. For ultrafast lasers, these parameters are the
intensities of the spectral components, the spectral phase, the temporal profile, the pulse energy, and the
spatial laser beam profile. Due to broadband nature of ultrafast laser sources, they are very sensitive to
propagation media: gaseous, liquid or solid matter along the paths of laser pulses to the sample, including
the material of the sample itself. Optical parameters describing the propagation media, such as linear and
nonlinear dispersion, and birefringence, as well as physical parameters, such as temperature and pressure,
all affect laser pulse parameters. In order for measurements not to be skewed, these interactions need to
be taken into account and mitigated at the time of the experiment or handled later in data analysis and

simulations.



Experimental results are presented in four chapters. Chapter 2 describes two topics: (1) single-
shot real-time monitoring and correction of spectral phase drifts, which commonly originate from
temperature and pointing fluctuations inside the laser cavity when the pulses are generated; (2) an all-
optical method for controlling the dispersion of femtosecond pulses using other pulses. Chapter 3 focuses
on the effects of the propagation media—how intense laser pulses modify media and how, in turn, the
media modifies them back—and how these effects can be counteracted. Self-action effects in fused silica
are discussed, along with some interesting and unexpected results. A method is then proposed for
mitigating self-action processes using binary modulation of the spectral phases of laser pulses. Chapter 4
outlines the design of two laser systems, which are specifically tailored for particular spectroscopic
applications and incorporate the comprehensive pulse control described in previous chapters. Chapter 5
shows how control of spatial beam characteristics can be applied to measurements of the mechanical
motion of microscale particles and how it can potentially be applied to molecular motion. It also describes
an experiment on laser-induced flow in air in which attempts were made to control the macroscopic
molecular rotation of gases.

My research, with a pulse shaper as the enabling tool, provides important insights into ultrafast
scientific studies by making femtosecond laser research more predictable, reliable and practical for
measurement and control. In the long term, some of the research methods in this thesis may help the
transition of femtosecond lasers from the laboratory environment into clinics, factories, airports, and other

everyday settings.
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Chapter 1 Introduction

Increasingly, at atomic and molecular levels, the ability to control processes is as important as the
ability to measure their effects. The Office of Science for the U.S. Department of Energy has identified a
set of five Grand Challenges for basic science [1]. The word control or its synonyms (manipulate,
orchestrate and master) can be found in every one of their descriptions, and sometimes more than once.
For example, “How do we control materials processes at the level of electrons?” and “How do remarkable
properties of matter emerge from complex correlations of the atomic or electronic constituents and how
can we control these properties?” In addition, one of the “Big Ideas for Future NSF Investments” in the
National Science Foundation’s research agenda for next few decades, called “The Quantum Leap:
Leading the Next Quantum Revolution”, has the aims of observing, manipulating and controlling particles
and energy at quantum scales [2]. Science and technology are tightly linked together and drive each other;
the goals described above can only be met through the development of instrumentation that is capable of
performing the tasks.

In fundamental research in atomic and molecular science, the physical dimensions of interest are
extremely small compared to the macroscopic world: typical spatial scales are measured in nanometers,
and typical timescales are measured in picoseconds (107'*s), femtoseconds (10™'° s) or even attoseconds
(107" s). Reaching into the world of atoms and molecules requires very specialized instrumentation, and
amongst the most important are lasers. The invention of lasers, and particularly ultrafast lasers, has
greatly impacted our understanding of nature. The excellent spatial coherence of lasers means that they
can be focused onto tiny spots, down to nanometers. Their broad, coherent bandwidths, in some cases
exceeding an optical octave, mean that they can produce very short-duration pulses. Pulses shorter than
100 fs are routinely available and, for a Ti:sapphire oscillator, it has been possible to reach a few (or even
single) optical cycles with durations < 5 fs [3, 4]. Supercontinuum generation, in which one or more
nonlinear processes combine to generate new frequency components, is widely used in laser systems to

broaden spectra and shorten pulse durations [5, 6]. Ultrafast lasers have become important scientific tools



and a necessary part of almost any experimental setup in physical chemistry research. As for any
metrology instrument, the accuracy, precision, and stability of laser pulse parameters determine the
quality of the measurements. As such, in order to get meaningful and reproducible results, it is crucially
important to properly characterize laser pulses and to be able to correct or alter their parameters. Among
the applications that require especially high-quality pulses are nonlinear spectroscopy, nonlinear
multiphoton microscopy, femtosecond laser eye surgery and femtosecond micromachining.

Ultrafast lasers are not only tools for the measurement and control in femtosecond science, they
also form the basis of attosecond science, the next level of fundamental research in the X-ray region of
the electromagnetic spectrum. The generation of attosecond pulses is based on high-harmonic generation
driven by femtosecond lasers and requires pushing the quality of femtosecond pulses to the limits of
perfection [7]. Therefore, the ability to control the femtosecond laser sources is crucial for creating
attosecond pulses with desirable parameters.

With these motivations, the goal of my research was to expand our ability to characterize and
control laser pulses and light-matter interaction, and in turn improve our understanding of how lasers can

be used to control chemical and physical processes on the fundamental level.

1.1 Introduction to femtosecond pulses

Ultrafast lasers are very complex instruments. Cavity misalignment, temperature fluctuations, and
degradation of optics and optoelectronics all contribute to constant changes in laser performance. Most
users of femtosecond lasers assume that the laser parameters are stable up to the specifications provided
by the manufacturer, but this is usually incorrect and can lead to incorrect experimental measurements. In
order to get the desired pulse parameters at the sample, pulses generally need to be controlled. Common
methods of pulse control are based on gratings and prisms [8-10], dispersion compensation mirrors [11],
and fiber Bragg gratings [12]. These methods have two major drawbacks: first, they offer limited control,
usually affecting only linear chirp, as discussed in the next section; and second, since gratings and prisms
are passive optics, they are static and cannot be controlled in real-time or with high-speed. In the Dantus

research group, we rely on adaptive pulse shapers based on spatial light modulators (SLM) and enabled
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by multiphoton intrapulse interference phase scan (MIIPS). In this dissertation, I take advantage of the
great flexibility and accuracy of a well-calibrated pulse shaper to solve the problem of how to
comprehensively control laser pulses and light-matter interaction.

To learn how one can control an ultrashort pulse, we need to understand what an ultrashort pulse
is and how it is formed. A femtosecond pulse can be considered to be a collection of electromagnetic
waves with different frequencies that overlap in space and time and constructively interfere. The electric
field of a pulse E(w) can be written as a sum of electric fields of all frequency components:

E(@)= Y E(w) ™"

(1)

where E(w;) and ¢(w;) are the amplitude and phase of the i-th component of the electric field,
respectively. The presence of different frequencies implies that the spectrum of such a pulse, /(w), is
broadband with a bandwidth that is inversely proportional to pulse duration. The pulse profile in the time
domain is the temporal intensity of the pulse, which can calculated by taking the squared modulus of the

electric field in the time domain, E(?):
_ ip(w) —iot
E@) = [JI(@)e" e de .

1) =|EQ)| G)

where ¢(w) is the spectral phase of the femtosecond pulse. Figure 1 illustrates the relationship between
spectral and temporal parameters of a femtosecond pulse. Figure la shows the experimental broadband
spectrum of a Ti:sapphire oscillator (Venteon) with specially designed dispersion compensation dielectric
mirrors, between 680 nm and 1040 nm. Figures 1b and 1c show the calculated electric field and intensity
profiles of ultrashort pulses corresponding to this spectrum. Pulse duration is conventionally defined as
the full-width half maximum (FWHM) of the intensity profile in the time domain /(#) and is found to be

10.2 fs for the laser in Figure 1.
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Figure 1. Experimental spectrum of an ultra-broadband Ti:sapphire oscillator (a), and
calculated electric field (b) and intensity profiles (c) in the temporal domain.

The relationships between the phases of different spectral components of laser radiation defines
the temporal coherence of laser pulses. If correlation is strong, then the radiation is considered coherent
and the components of the electric field yield a single well-defined pulse. In the correlation is weak, then
the radiation is considered incoherent. In the limiting case of random phases, the pulse would be a noise-
like feature. Coherence can be regarded as a measure of the degree to which pulses are controllable. In
this dissertation I consider all pulses from Ti:sapphire oscillators and amplifiers to be fully coherent. For
the sources described in Chapter 4, I provide an assessment of the coherence and discuss the results.

The spectrum of a laser is determined by the mechanism by which the pulse is generated in a laser
cavity (i.e. by the number of laser modes supported by the cavity), the gain bandwidth of the gain
medium, and the mode-locking mechanism. For example, Ti:sapphire oscillators with Kerr-lens mode-
locking [13] have Gaussian spectra, and fiber lasers operating in a normal-dispersion regime have
characteristic “bat-ears” spectra [14]. The spectrum of a Venteon oscillator shown in Figure la exhibits
intracavity spectral broadening due to the use of dispersion compensation multi-layer mirrors. The
modulation periods of spectrum (periodic variations in spectral intensity) are related to the thicknesses of

the layers in the dielectric coating. Measurements of the spectrum are can be made trivially using



commercially-available spectrometers. Amplitude modulation is an attractive possibility, from the point
of view of control, but the inevitable energy losses and broadening of pulses are negative factors in
intensity-sensitive applications such as nonlinear spectroscopy and multi-photon microscopy.

Knowing the laser spectrum alone is not sufficient for characterizing a femtosecond pulse. As one
can see in Equation 2, for a complete characterization, the spectral phase ¢(w) must also be measured.

The spectral phase can be expanded in a Taylor series around the central frequency of the laser wy:

P(@) =@, + ¢ (0~ 600)+ (o= ®,)" +3 (@-o) +... @

where the first term is related to the constant phase, or carrier envelope phase, of the pulse; the second
term is related to a delay of the pulse in time; the third and fourth terms are called second- and third-
order dispersions, respectively; and all subsequent terms are collectively referred to as high-order
dispersion. The first two terms do not change the pulse profile, but the others do. The effect is
summarized in Figure 2. The spectrum is the same in all panels and corresponds to a typical spectrum
from a Ti:sapphire amplifier. The top panels correspond to ¢(w)=0, where the pulse profile has the
shortest possible pulse duration for given spectrum, called transform-limited (TL) pulse duration. The
central panels have a second-order dispersion (SOD), or quadratic phase profile, also known as a linear
chirp, equal to 1000 fs>. Here, the pulse broadens, and the peak power decreases accordingly.
Furthermore, long wavelength (red) components travel faster than short wavelength (blue) components, or
vice versa for a chirp with opposite sign. The bottom panels correspond to a third-order dispersion (TOD),
or cubic phase profile, equal to -40000 fs*. The pulse gets broader and develops a tail of pre-pulses, which
precede or follow the main pulse according to the sign of the TOD. Higher-order dispersion leads to more

complex pulse modulation, but usually with smaller effects on peak power and pulse duration.
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Figure 2. The effect of spectral phase on the pulse profile showing the spectra (left
column) and corresponding pulse profiles (right column) for three different spectral
phases: transform limited (top), chirp 1000 fs* (middle), and third-order dispersion
—40 000 fs* (bottom).

When a pulse propagates through a medium, it undergoes a phase change due to material (static)

dispersion. This change is related to the frequency-dependent refractive index of the material. Since an

ultrashort pulse possesses a broad spectrum, different spectral components are delayed differently in the

material causing group velocity dispersion (GVD). These phase changes accumulate as the pulse

progresses along its path, as illustrated in Figure 3.
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Figure 3. Schematic diagram showing phase distortions accumulated by a laser pulse
while propagating through an optical medium with frequency-dependent refractive index.
Adapted from [15].

This interaction can be represented mathematically using:

E(w)= Z E(w)e' “

where k(w) is a frequency-dependent wavenumber given by k(w)= wn(w)/c. In this expression n(w) is the
refractive index of the medium and c is the speed of light. The refractive index is affected by the strength
of the oscillator and the frequencies of electronic and vibrational resonances of the medium. For
transparent media, one can assume that there is a single resonance in the vacuum ultraviolet region and
that dispersion depends primarily on the oscillator strength of that resonance. The phase accumulated by a
pulse inside the medium with length L. can be presented as a Taylor series:
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As with Equation 4, the first two terms do not affect the pulse, and the effects of the following
terms—SOD, TOD, and high order dispersions—are illustrated in Figure 2. For intense laser pulses, in
addition to the static dispersion, laser-induced dispersion starts to play a significant role. This effect is
related to the intensity-dependent nonlinear refractive index and is addressed in Chapter 3.

1.2 Characterization and control of laser parameters

Phase distortion—usually as a combination of second-, third- and higher-order dispersion terms,

is inevitable in femtosecond laser experiments. Lasers are never perfect to begin with, and their pulses are

rarely transform limited. They are affected by the physics of laser generation and misalignment of internal



components. In addition, pulses acquire phase distortions when propagating through a dispersive medium
or due to interactions with dispersive optics. For many applications, it is important to compensate for this
phase distortion or compress pulses to transform-limited durations. There are many methods for pulse
compression including grating and prism compressors, dielectric chirp mirrors, and fiber Bragg gratings.
These passive compression schemes are often easy to implement and can compensate for a significant
amount of phase distortion, but they are not able to compensate for higher-order phase dispersion. To
have comprehensive control of spectral phase, it is necessary to use adaptive pulse compressors or pulse
shapers [16]. A pulse shaper is an optical device that acts on a pulse in the spectral domain to affect a
change in shape in the temporal domain. A typical pulse shaper is shown in Figure 4. It consists of a
grating, which angularly disperses the incoming light, and a lens, which focuses individual wavelength
components onto a phase mask. The mask is positioned in the Fourier plane of a pulse shaper and can act
on the spectral parameters of an ultrashort pulse. Following the mask, the light goes through the same
optical components, a lens and a grating, so that the output is again a collimated beam. With the invention
of liquid-crystal-based spatial light modulators, replacing a fixed mask in a pulse shaper [16], it became
possible to actively control spectral components of a pulse. SLMs contain liquid crystal elements with
electronically addressable pixels, which act as a programmable mask. By applying voltage signals to
pixels in liquid crystal array, one can use the birefringent properties of liquid crystals to effect a
corresponding phase retardance. It effectively changes the spectral phase of a pulse, which according to
Equations 2 and 3, changes the pulse in the time domain. The combination of two SLM masks gives the
ability to control spectral amplitude or polarization, which in turn, gives virtually full control of a laser

pulse.



Figure 4. Schematic illustration of a 4-f pulse shaper. G are gratings, and L are lenses
with focal length f. Adapted from http://web.physik.uni-
rostock.de/optik/en/for_tec_d en.html.

The main characteristics of the pulse shaper are given by SLM parameters, such as the number
and size of the pixels, and the optical design. Two common types of SLM are a transmissive linear array
of 128 or 640 pixels and a 2D matrix of 600 x 800 pixels with a reflective substrate. The focusing lens
and the grating, which determines the spread of laser’s spectral components on the SLM, define the
optical resolution of a shaper. Better optical resolution allows more accurate characterization and
compression. A folded design, where a mirror in Fourier plane reflects the light back through the same
optical components through which the light enters, usually simplifies the alignment and minimizes the
effect of unwanted shaper-induced phase and spatial distortions on pulses.

The Dantus research group has developed a series of methods for simultaneous pulse
characterization and compression known as multi-photon intrapulse interference phase scan (MIIPS) [17-
19]. These are based on a pulse shaper design with an SLM as a programmable mask. They rely on the
sensitivity of second-harmonic generation (SHG) signal to the spectral phase of a pulse that arises from
the constructive and destructive interferences inside it. By adding a known reference phase to the
unknown phase of a laser pulse and tracking changes to the SHG signal, the algorithm is capable of

determining the original phase distortions in the pulse. After the measurement, the pulse shaper applies a



compensation phase which is of opposite sign to the measured one. After a few iterations, the phase
distortion of original pulse (SOD, TOD, and higher-order terms) is compensated for and pulse achieves
the shortest possible transform-limited duration. The most important characteristic of MIIPS compression
is that it can be performed with the sample in situ, allowing mitigation of all phase distortions

accumulated by a laser pulse along its path.

1.3 Controlling laser-matter interaction

Femtosecond pulses, with pulse durations on the order of, or faster than, the time scales of
electronic, vibrational and rotational energy transfer, help physicists and chemists understand processes
that occur during and following light-matter interactions. Processes such as the excitation, fragmentation
and ionization of molecules under intense laser fields can be controlled using the phase and amplitude of
laser pulses [20]. Linearly-chirped pulses or phase step scans are successfully used to study solvated
molecules in processes such as inhomogeneous broadening and solvatochromic shift, and to determine
their electronic coherence lifetimes [21]. They can also be used to study fluorescence and stimulated
emission [22]. Phase and amplitude control of laser pulses is also important in nonlinear spectroscopy.
Pulse shaping methods have been successfully used to demonstrate chemically-selective imaging based
on coherent Raman processes [23, 24]. A laser system with comprehensive control of parameters, which
is capable of performing fast standoff imaging of chemicals in eye-safe wavelength regions, is presented

in Chapter 4.
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Chapter 2 Optical pulse control

This chapter discusses two topics related to the control of laser parameters with the goal of
maintaining undistorted pulse shape at the location of a sample. The first one discusses the development
of an automated system capable of real-time tracking and correction of laser’s peak power originating
from fluctuations in laser spectrum and in spectral phase. Theoretical explanation of the system’s
operation as well as experimental results for different types of lasers (a fiber oscillator and a Ti:sapphire
amplifier) are presented. The second topic discusses a method of a laser pulse dispersion control without
conventional optical elements, such as gratings, prisms or SLMs. It is based on an interaction of a weak
pulse with a strong pulse inside a nonlinear media via cross-phase modulation. The proof of concept

experimental implementation is presented and results are discussed.

2.1. Single-shot real-time dispersion measurement and control

Femtosecond laser systems are being used for an increasingly large number of applications given
their ability to deliver high peak power densities (from 10'® W/cm® to 10'® W/cm?) with very modest
pulse energies (from 1072 J to 107 ). Some of these technologies have transferred from the research
laboratory to real-world applications, for example, femtosecond refractive surgery [25], cataracts surgery
[26], and material processing [27, 28]. While the laser sources have experienced great progress in terms
of output pulse characteristics, reliability, and size, they are still notoriously complex and sensitive to
changes in ambient environment. In addition to the static dispersion introduced by the laser components
themselves and high-numerical aperture microscope objectives, modern ultrafast laser design needs to
take into account laser-induced nonlinear optical processes such as self-phase modulation [29], and laser
induced group velocity dispersion [30]. As a result, minute changes in cavity length or alignment lead to
deterioration in pulse characteristics. Applications of femtosecond lasers outside of laser laboratories thus
require automated dispersion and amplitude drift characterization and compensation in order to maintain
optimum performance without human assistance. If this can be accomplished, femtosecond lasers from
high-rep rate industrial to high-intensity femtosecond petawatt class lasers [31] could certainly benefit

from the technology.
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It is possible to achieve some degree of automated pulse optimization without using pulse
characterization. Given that the integrated second harmonic generation intensity achieves a maximum
value for transform limited pulses, this intensity can be used as feedback for a closed loop, while a pulse
shaper compensates arbitrary phase dispersion [32, 33]. Unfortunately, the process is time consuming and
the degree of success of this approach depends on the square of the noise level of the laser system. For
many cases it is sufficient to optimize chirp by feeding back the integrated SHG intensity to a prism or
grating compressor [34], an approach that has been adopted by some commercial systems. Given that
tracking SHG intensity does not provide sufficient phase information, these systems require dithering the
chirp to find the optimum value. Ideally, phase optimization is based on accurate phase characterization.

Measuring phase distortions requires pulse characterization, on-the-fly correction requires single-
shot pulse characterization; a topic that has received considerable attention since the early 1990°s [35-39].
Following the single-shot pulse characterization the information needs to be processed and used to actuate
optics in the laser compressor or to a pulse shaper. Operationally, phase drifts manifest themselves in
nonlinear phase distortion, primarily in the second- and sometimes third-order distortion of the spectral
phase (SOD and TOD, respectively). Therefore, a method is needed to directly provide quantitative SOD
and TOD information with minimal use of time consuming phase retrieval algorithms.

In this project [40] we took advantage of the inherent sensitivity of nonlinear optical processes to
phase distortions. This sensitivity, in particular to SOD and TOD, was discussed in the context of
multiphoton intrapulse interference for control of two- and three-photon laser induced processes [41]. In
that article it was noted that TOD leads to narrowing of the SHG spectrum and the addition of SOD leads
to a shift of the maximum SHG to longer wavelengths (when both are positive). The ability to shift the
maximum in a nonlinear optical process, such as multiphoton excitation, has been patented and used for a
number of applications such as selective two-photon microscopy [42, 43]. Here we extracted SOD and
TOD values from changes in the SHG spectrum. It is worth noting that we are not proposing a pulse
characterization method for arbitrary phase distortions in a previously uncharacterized laser pulse. The
intention of the work is to measure and correct small deviations in SOD and TOD occurring in laser

12



system over time. The real-time version of multiphoton intrapulse interference phase scan (RT-MIIPS)
presented is for monitoring and stabilization of pulse energies and peak powers for optimum unattended

ultrafast laser performance over an indefinite period of time.

2.1.1 Principle of RT-MIIPS measurement of SOD

The principle behind RT-MIIPS method hinges on the fact that TOD causes a narrowing of the
SHG spectrum but the maximum value remains at 2wy, however, addition of SOD causes a shift in the
position of maximum SHG due to multiphoton intrapulse interference (MII) at shorter or longer SHG
wavelengths (depending on the SOD sign); as illustrated in Figure 5. In this part of work we used a home-
built Yb-doped fiber oscillator [44].

A plot of group delay, such as the one shown in Figure 5, shows the time-domain relationship
between spectral components of the laser pulse. We observe SHG spectrum is narrowed compared to that
of a transform limited pulse when the spectral phase has a significant amount of third-order (cubic)
distortion because the group delay, which is the first derivative of spectral phase with respect to
frequency, has a parabolic shape (Figure 5a, color curves). All spectral components symmetrically around
the peak of the parabola are equally delayed, with delay increasing towards the wings of the parabola.
Components with equal delay produce efficient constructive MII, however as the relative delay increases,
destructive interference takes place resulting in a narrow peak in SHG spectrum. If TOD and
consequently group delay is centered around laser central wavelength (Figure Sa, triangles), the resulting
peak will appear in the middle of a spectral range, corresponding to the peak position of SHG spectrum at
transform limited (TL) pulse (Figure 5b, triangles and gray solid line, respectively). Adding of SOD to a
spectral phase is equal to adding a linear group delay term which shifts parabola to shorter or longer
wavelengths for negative and positive SOD, respectively (Figure 5a, circles and diamonds). Shift of the

group-delay parabola result in corresponding spectral SHG shifts (Figure 5b, circles and diamonds).
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The described behavior can be inferred from a mathematical analysis where the local maximum

in the SHG spectrum at frequency @- =2@,, , where @,__

X

to the spectral phase ¢(w) of the fundamental spectrum that satisfies the relation:
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The spectral phase with TOD only can be written as:

P(w) =

¢3 '(a)_a)o)3
6

b

is a fundamental frequency, corresponds

(6)

()

where o is the central frequency of the fundamental laser spectrum and ¢, = d°¢(w)/dw® is the TOD.

Substitution Equation 7 into Equation 6 results in ¢, - (@

max

—m,) =0, which gives a local maximum in

SHG spectrum at wiff =2, . When some amount of SOD (¢, =d 2¢(a))/ dw’ ) is added the spectral

phase can be written as:
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Substitution Equation 8 into Equation 6 results in ¢, +¢, - (w,,, —®,)=0 1ie., the SHG peak

max

shifts to ™ =2.(w, —¢, / 4,) - Therefore, SOD changes are correlated with SHG peak shifts according to:

Awyy =29, . 9)

From Equation 9, it follows that for a given positive TOD, the observed SHG spectrum peak
shifts to shorter wavelengths when negative SOD is acquired by the pulse and vice versa. Given that laser
pulses have spectra that are not ideal Gaussian functions, the method should be calibrated on the actual
laser system to provide the most accurate results. The work was carried out using a home-built Yb-doped
fiber oscillator producing sub-45 fs [44] and a reflective 4f pulse shaper (MIIPSBox640, Biophotonic
Solutions Inc.). It is best to start with fully characterized pulses, which can be achieved by simply
scanning SOD [45, 46]. The SHG spectrum for transform-limited pulses of the Yb fiber laser here covers
the 515-555 nm range (bottom-to-bottom). The first step is to impose a reference phase mask with some
amount of TOD to narrow SHG spectrum, which can be done with the pulse shaper or by introducing a
dispersive optical element with the desired characteristics [30]. Here the cubic reference phase of
+100,000 fs* is applied using a reflective 4f pulse shaper. The second step is to acquire a two-dimensional
spectrogram as a function of linear chirped (Figure 6). The third step is to extract the position of the
maximum SHG for each SOD value. Here we implement weighted averaging over spectral points above a

fixed threshold to reduce the noise and achieve sub-spectrometer-limited resolution.

15



a) 2000 b) 2000

Calculation Experiment

1000

SOD (fs%)

-2000 — T '
520 530 540 550 520 530 540 550

Wavelength (nm) Wavelength (nm)
Figure 6. RT-MIIPS calibration for SOD measurements. (a) The SHG spectrogram
calculated using the experimental laser spectrum. (b) Experimental SHG spectrogram.
Calculated and experimental spectra correspond to a set of polynomial phases with SOD
ranging from -2,000 fs? to 2,000 fs* (scanned) and TOD of 100,000 fs® (fixed). Every
SHG spectrum is normalized. Figure from [40].

The wavelength of maximum SHG intensity as a function of SOD is fitted by a second-order
polynomial, yielding the calibration curve. Once the one-to-one correspondence is established, one can
accurately measure changes in SOD by acquiring a single SHG spectrum, and if the measurement
corresponds to an undesired drift, the system can correct it. The standard deviation for the measured SOD
values is found to be about 60 fs It is worth noting that RT-MIIPS relies on spectroscopic changes in
SHG (peak shifts) rather than on the intensity of SHG. Fluctuations in SHG intensity caused by noise
limit integrated SHG-based methods. For instance, potentially minimal 2% fluctuations in integrated SHG
result in uncertainty of £150 fs* of SOD in a 40fs pulse. A long term drift of intensity, for instance due to
pump diode power drifts/degradation, changes in reflection/transmission of optical elements, would cause
a systematic drift. Of course the systematic intensity drifts can be corrected with regular re-calibration
processes. RT-MIIPS on the other hand is not sensitive to intensity fluctuations. Its sensitivity is limited

by the spectrometer resolution, therefore it can be used with very low laser intensities.

2.1.2 Principle of RT-MIIPS measurement of TOD
To measure and correct for both SOD and TOD, we have modified the reference phase to

incorporate two cubic phase masks, which are offset spectrally, therefore, they have different group-delay
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terms. The corresponding group delay for this reference phase consists of two parabolas (shown

schematically in Figure 7a). Mathematically, the reference phase function can be written as:

%(a)—a)l)3 +1-(0-w) if w<a,
q)rqf(a)):

3 3 .
—z(a)—wz) -7-(0-w,) if 02,
(10)
Here o1 and m» are two frequencies within the spectrum equally offset from wy (w; < wy and w; >
o). Note that these are ‘zero dispersion’ frequencies if no phase distortion is present. In practice, they are

defined through the corresponding wavelengths A; and A,, which are calculated from the center

wavelength 1y and offset 44 in nanometers;

2 :%x(lo £ AL+ A2 +Mz)

The amount of TOD (¢;3) introduced defines the sharpness of the local maxima in the SHG

(11)

spectrum due to MIIL. The non-zero time delay 7 allows suppressing sum frequency generation. The SHG
spectrum due to the reference phase exhibits two local maxima, each corresponding to a different group
delay parabola, as shown in Figure 7b. Due to the offset of the zero-dispersion points from the center
(here 49 = 1070 nm, 44 = 30 nm), the maxima positions are affected by both SOD and TOD phase

distortions and one can isolate the two contributions.
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Figure 7. Principle of RT-MIIPS measurement of SOD and TOD. (a) Fiber laser
fundamental spectrum and group delay corresponding to the reference phase mask (two
incorporated cubic phase masks, see text). (b) SHG spectrum corresponding to the
reference phase mask from (a). Inset — SHG spectrogram with SOD scanned from -2,000

to 2,000 fs*. Figure from [40].

Indeed, if we define w4 and wp as ‘zero dispersion’ frequencies in the presence non-zero phase

distortion, the corresponding TOD (d¢3) and SOD (d¢>) drifts can be expressed as:
Aw, +Aw,

Sp, = py a0

2 wy-o, 2 Wy — O, ' (12)
where Aw, =w,—w, and Aw, =w,; —o,. If they are equal to zero, there is no phase distortion.

Qualitatively, pure SOD distortions (d¢ps;= 0) shift the two SHG peaks in the opposite directions and by

the same amount Aw, = —A®, . Pure TOD distortions move the peaks in the same direction.

As in the SOD measurements, RT-MIIPS TOD measurement is calibrated by running a linear
chirp scan and recording the SHG spectra. The weighted SHG spectral peak positions as a function of
chirp are then fitted with polynomials. The calibration data shown in Figure 7b, inset, corresponds to a
linear chirp scan from -2,000 fs? to 2,000 fs%. The reference phase parameters are: 1o = 1070 nm; 44 = 30
nm; ¢3 = 300,000 fs*; and delay 7 = 400 fs. The weighted SHG peak positions are fitted with third-order

polynomials. The standard deviations for the measured SOD and TOD values are found to be about 100
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fs? and 4000 fs°, respectively. Again, the method proves to be more sensitive than measurements of
integrated intensity.
2.1.3 Experiment

The experimental setup is shown schematically in Figure 8. The reflective pulse shaper is used to
control phase and amplitude, and also to correct changes in phase and amplitude based on the closed-loop
feedback. A small portion of laser beam from the laser output is split for monitoring the fundamental IR
spectrum, and after frequency doubling in nonlinear crystal, for SHG spectrum acquisition (both by
Ocean Optics USB4000 spectrometers). While this setup can be greatly simplified, we wanted the
maximum flexibility for our first laboratory test.

SHG spectrum
IR spectrum

Computer <—'

SHG

MIIPS compensation mask crystal Spec.
Phase/amplitude distortion »__9

RT- MIIPS correction
Spec.
fo O

Output beam

\4

Pulse shaper
(MIIPSBox 640)

Fiber Laser

BS1

Figure 8. RT-MIIPS setup. VND, variable neutral density filter; BS1,2, beam splitters.
Figure from [40].

To validate the performance of active phase monitoring and correction, we carried out several test
experiments. In one of them we inserted in and out of the beam path a 30-mm thick piece of fused silica
(Figure 9). Calculations based on the Sellmeier’s equation give for fused silica 16 fs*/mm of SOD at 1070
nm, i.e., about 480 fs® for the optic. The compensation routine measures it to be 450 + 80 fs* (Figure 9a).
As an indicator of pulse quality we use SHG signal intensity. All spectra were taken within a single data

acquisition cycle. Each cycle took about 100 ms to complete, limited by the spatial light modulator
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(SLM) response time. As expected, SHG signal drops when the fused silica sample is inserted due to
group delay distortion (Figure 9b). When we activate the feedback loop, the pulse shaper applies a phase
mask with a negative value to the measured SOD, thus recovering the original SHG intensity as shown in

Figure 9c.
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Figure 9. Validation of RT-MIIPS response to the insertion of a dispersive optical
element. (a) SOD measured by RT-MIIPS. (b) Integrated SHG intensity (RT-MIIPS
compensation off). (c) Integrated SHG intensity with RT-MIIPS compensation. All data

are taken in the same acquisition cycle. Figure from [40].

The next comprehensive test applies well-characterized phase distortions — simultaneous
sweeping of SOD and TOD, and amplitude attenuation performed by the pulse shaper. The functions for
SOD, TOD and amplitude introduced are shown in the first column in Figure 10. The second column in
Figure 10 shows the pulse energy, which varies as a function of the changes in amplitude introduced
(Figure 10c). The peak power, monitored as integrated SHG intensity varies according to phase and
amplitude as shown in Figure 10g. When the feedback loop is allowed to compensate for phase, there is a
significant improvement in the integrated SHG intensity (Figure 10h). When phase and amplitude are
corrected the SHG intensity remains stable despite the SOD, TOD and amplitude variations introduced.
Note that given the measurement of sign and amplitude of SOD and TOD, there is no need for dithering
and there is no evidence of overshooting in the closed-loop correction. The accuracy and stability of RT-
MIIPS can be realized from close inspection of the first column in Figures 10a-10c, where the introduced

phase and amplitude variations are shown as solid line and the experimental correction (with reverse sign)

are shown as gray circles.
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Figure 10. Validation of RT-MIIPS response to continuous sweeping of SOD, TOD and

amplitude: (a) Measured SOD, swept by the shaper; (b) Measured TOD, swept by the

shaper; (c) Applied transmission mask, swept by the shaper by as much as 10%; (d-f)

Integrated IR spectra for (d) static phase compensation and transmission masks, (e) RT-

MIIPS corrected phase and static transmission masks, and (f) RT-MIIPS corrected phase

and transmission masks. (g-1) Integrated SHG spectra for (g) static phase compensation

and transmission masks, (f) RT-MIIPS corrected phase and static transmission masks,

and (i) RT-MIIPS corrected phase and transmission masks. Figure from [40].

In order to provide additional validation of the phase measurement and correction capabilities of
RT-MIIPS, we present results for different laser systems. In the next experiment we have introduced
phase distortion by adjusting the Ti:sapphire regenerative amplifier compressor (Spectra Physics), namely
changing the distance between its gratings by means of built-in controllable linear stage. The detection
setup is similar to Figure 8, and the pulse shaper is placed between oscillator and amplifier. Dispersion

jumps were introduced for this case by changing the grating spacing in the compressor. The results from

this run are presented in Figure 11.
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Figure 11. Validation of RT-MIIPS response to abrupt phase distortions introduced by

the amplifier compressor: (a) Measured SOD drift; (b) Measured TOD drift; (c,d)

Integrated IR spectra for static phase compensation and RT-MIIPS corrected phase,

respectively; (e,f) Integrated SHG spectra for static phase compensation and RT-MIIPS

corrected phase. Figure from [40].

For these experiments, RT-MIIPS measures changes in the phase (Figure 11a) which result in
significant (70%) drop in peak power (Figure 11e), however, the pulse shaper automatically compensates
the phase distortions and is able to maintain the peak power constant (Figure 11f). The fluctuations in
peak power after compensation are inherent to the laser and are not caused by RT-MIIPS.

In general, RT-MIIPS measures any fluctuations of in the spectral phase including those intrinsic
to the laser system. For the following experiments we used a regenerative amplifier system similar to the
one used for the previous experiments but with a much more stable output (Micra Seed with Legend
Amplifier, Coherent). We inserted four fused silica samples with different thickness in the laser path after
the amplifier. The dispersion introduced by each sample was measured in 500 acquisition cycles. Each
cycle took about 100 ms, the results are presented in Figure 12. The measurements turn out to be very

precise with standard deviation within 4.2 fs%. The accuracy is in a good agreement with theoretical values

as show in Figure 12b.
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Figure 12. Chromatic dispersion measurements of fused silica: (a) Measured SOD as a
function of time for 4 different samples — 1.8mm, 3.2 mm, 5 mm and 10 mm; (b)
Measured SOD as a function of thickness. Squares represent calculated values of SOD
for corresponding samples. Figure from [40].

2.1.4 Conclusion

To summarize, a method for real-time measurement and correction of amplitude as well as
second and third order spectral phase distortions of ultrashort optical pulses has been demonstrated. The
single-shot phase measurement exploits the well-understood dependence of the SHG spectrum on spectral
phase. The current implementation is based on a programmable pulse shaper. It is worth noting that both
measurement and compression can be achieved without a pulse shaper. The implementation of MIIPS by
translating and tilting the grating in a compressor, shown by Hou et al. [46], could easily be part of the
closed-loop approach demonstrated here. The encoding of the cubic reference phase can be achieved by
using dielectric optics with desired characteristics or simply taking advantage of the cubic phase inherent
to some optics like microscope objectives. The method shown here would be ideal for correction of phase
and amplitude drifts in commercial laser systems (oscillators and amplifiers), to provide greater
unassisted long-term performance. An application of RT-MIIPS being pursued in our laboratory, which
takes advantage of its ability to measure laser-induced phase distortions, is time-domain pulse shaping

which is described in next section [47].
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2.2 Ultimate pulse shaping: controlling light with light

There are a several cases when the control of laser parameters via use of conventional optical
schemes, such as grating and prism compressors or 4-f pulse shapers, is not feasible. The first reason is
that these schemes are bulky and due to physical dimensions cannot fit into tight spaces like a laser cavity
for need of intracavity dispersion control. The second reason is energy loss introduced by multiple optical
components: a typical efficiency of a grating compressor is 70% and even lower for 4-f shaper. The third
limitation is a wavelength range of laser pulses used: there are no gratings or SLMs designed for short
(<400 nm) wavelength. The following work addresses these problems by use of an auxiliary laser pulse as
a phase controlling mechanism.

In this project [47] we explored the ability of an intense pulse to control the dispersion
experienced by a probe pulse taking advantage of the optical Kerr effect (OKE) and in particular what is
known as cross-phase modulation [48]. Of particular interest is the spectral phase imprinted on the output
pulses. One can envision a setup, such as that used in an enhancement cavity to create high harmonic
generation [49], where part of the input laser could be used to control the intracavity dispersion and
optimize the conversion efficiency. This approach is related to the proposal and eventual demonstration of
phase modulation through the use of a pump pulse used to align molecules in the gas phase thereby
causing a change in the refractive index, which in turn modulates the phase of a time delayed probe pulse
[50, 51].

Measurements of laser-induced group delay dispersion (GDD) presented here are confirmed by
two different experimental approaches and simulated through use of the OKE theory. In order to register
single-shot time-resolved GDD measurements we used real-time multiphoton intrapulse interference
phase scan (RT-MIIPS) [40], which is based on the predictable changes in the second harmonic spectrum
of femtosecond lasers as a function of spectral phase [52]. The results obtained are validated by the
Fourier-transform spectral interferometry (FTSI) method [53, 54]. Our measurements differ from
traditional OKE measurements where the OKE phase shift [55, 56] or nonlinear absorption and refraction
are obtained [57]. The spectral phase shift induced through the OKE is relatively small (less than 1 rad),
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however, the GDD (second derivative of the phase with respect to frequency) is large enough to be useful
for pulse compression.
2.2.1 Theory of laser induced phase manipulation

To illustrate the principle, we start with an intensity dependent correction to the refractive index
of the media in time domain:

n(t) =n,+n,I(¢t) (13)
where ny is the weak-field refractive index at carrier frequency, #; is the nonlinear refractive index of
media, /(¢) is an intensity profile of the pulse, and higher order terms are neglected. If pump and probe
pulses have mutually orthogonal polarization the probe beam experiences 2/3 of the nonlinear refractive
index induced by the pump pulse [58]. This relationship is related to the cross-phase modulation

phenomenon. The phase shift experienced by probe pulse in time domain is:
2
Ap(t) = 3 ml,,,, (O Lw, /¢ (14)

where ay is the carrier frequency, L is the length of the medium, Z,.y(?) — intensity profile of pump pulse.
The pump-induced phase change model is shown in Figure 13, where the probe pulse is illustrated by the
black curve and the pump-induced phase distortion in the sample at different pump-probe delay times is
depicted by a red curve. The function describing the phase distortion is broader since it depends on the
crossing angle between the beams and dispersion of the medium. Note that the second derivative of the

phase in the time domain has the opposite sign to that in the frequency domain [59].
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Figure 13. Schematic illustration of the OKE induced GDD (not in scale, pump peak
intensity is a few orders of magnitude greater than probe) for three pump-probe relative
positions at negative, 0 fs and positive time delays. Intensity profile of the probe pulse
(black curve) moves along the OKE phase distortion function (red line). At different
delay times the sign and magnitude of the GDD (¢.") changes. Figure from [47].

The electric field of the probe pulse at the exit of the sample is:

2/5 2 22\ L
E(t)=E,e" i xexpliwyt —i(n, +2/3%n, , e /b )ﬂ], (15)

pump
C

where Ey= /I, , I, - intensity magnitude and 7, - full width at half maximum (FWHM) duration of a probe

pulse, 7 - intensity magnitude of a pump pulse. We used the first two terms of the Taylor expansion

pump
for the exponential function in the phase, and Fourier transformed it to the frequency domain to obtain
GDD for small phase distortions, less than 1 radian:

//%27—(2)@52 (16
ST f g )

where ¢, = —-2/3*n,I , Lw,/c is a maximum of nonlinear phase shift.

pump
2.2.2 Experimental setup
The pump-probe experimental setup is shown in Figure 14. The laser system comprises a
Ti:sapphire oscillator (KMLabs), MIIPSBox640 pulse shaper (Biophotonic Solutions, Inc.) and
regenerative amplifier (Spectra-Physics, Spitfire, 800 nm central wavelength, 1 kHz repetition rate).
Pulses are compressed to their transform-limited duration of 40 fs by using the MIIPS technique [41]. The
laser is split into two beams with orthogonal linear polarizations, denoted in the schematics as ‘pump’ and

‘probe’. The probe beam is sent through a computer-controlled delay line. After passing through a
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focusing lens the beams are overlapped at a 4° incidence angle on a 1.8 mm thick fused quartz sample
placed a few centimeters away from the lens focus. The intensity of the pump beam on the sample is
varied in a range of 0.3x10'* — 1.7x10" W/cm? by adjusting a variable neutral density filter. The probe

beam intensity is a few orders of magnitude lower than of the pump.
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Figure 14. Experimental setup for transient dispersion measurements via RT-MIIPS and

FTSI methods. The Michelson interferometer is used only for FTSI. HWP, half-wave

plate; PBS, polarizing beam splitter; VND, variable neutral density filter, ND, neutral

density filter, DM, dielectric mirrors. Figure from [47].

For the RT-MIIPS calibration and measurements [40], the probe beam after the sample is guided
through a set of dielectric mirrors which introduce a static spectral phase distortion dominated by the
third-order dispersion (TOD) of -150,000 fs*. The conditioned probe beam is then focused on a second
harmonic generation (SHG) crystal and the SHG spectrum is recorded with a fiber-coupled compact
spectrometer (Ocean Optics HR4000). There is no contribution into SHG from the stray pump light
because pump and probe have perpendicular polarization. For the RT-MIIPS calibration process we apply
the procedure using only the probe beam through the sample. For pump-probe measurements, the pump
beam is unblocked and the SHG spectrum is acquired for each pump-probe delay position.

For FTSI measurements, a Michelson interferometer is used to make two replicas of the probe

pulse with 1 ps time separation. The pump pulse arrives at the sample after the first reference probe

27



replica so that the pump-induced changes affect only the second replica. These distortions lead to a phase
change between the two replicas. The spectral interferometry signal collected by a spectrometer (Ocean
Optics QE65000) bears these changes. The GDD values for each pump-probe delay position are extracted

by Fourier transformation and polynomial fitting of the retrieved phase.

2.2.3 Results and discussion

RT-MIIPS measures the second derivative of spectral phase directly. The raw experimental data
is a 2D spectrogram of SHG signal as a function of the pump-probe delay [40]. For each single SHG
spectrum from this spectrogram a position of the maximum is calculated. Through one-to-one
correspondence between SHG peak position and second derivative of spectral phase GDD can be
extracted. The corresponding induced GDD values experienced by the probe pulse at each time delay
value are plotted as a function of delay time in Figures 15-17.

Experimental results in Figure 15 show negative GDD around zero delay time with the minimum
value of -139 fs*. There is a subsequent rise of GDD at about 100 fs delay time with the maximum of +70
fs?. This data were obtained with the pump peak intensity of 0.68x10'> W/cm?®. The FTSI measurements
(see the blue squares in Figure 15 closely reproduce the RT-MIIPS results in shape and magnitude. The
FTSI curve (red circles) was shifted vertically by 10 fs? during the data processing. The observed non-
zero GDD offset originates from the unbalanced Michelson interferometer. The accuracy of the GDD
measurements is within £20fs* determined during the calibration procedure using a calibrated pulse

shaper [40].
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Figure 15. Experimental measurement and simulation of laser induced GDD acquired by

the probe pulse with respect to pump-probe delay time. Red and blue curves are

experimental data from RT-MIIPS and FTSI methods, respectively. Black solid curve is

the result of OKE simulation model. Figure from [47].

The theoretical curve showed in Figure 15(black solid line) is a result of numerical simulation
based on Fourier transformation of Equation 15. We assumed a Gaussian profile for the pump-induced
phase with FWHM of 148 fs. The majority of the pulse broadening is caused by the crossing angle
between the pulses. The asymmetric shape of the experimental GDD profile is caused by the optical
response of the media through SPM [60] and the nuclear response [61]. To reach quantitative agreement
between model and experiment we introduce a 1.85/3 factor for the nonlinear phase shift. This value is
reasonably close to the theoretically expected value 2/3 [58]. The mismatch between theoretical and
experimental values is likely from the cumulative uncertainty on the intensity measurements which
depend on average power, pulse duration and beam size.

Figures 16 and 17 show the dependence of pump-induced GDD with respect to peak intensity and
initial chirp value correspondingly. From Figure 16 it follows that as the intensity of the pump laser

increases the GDD magnitude increases in both negative and positive GDD regions. In case of red curve
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(squares) the GDD has it minimum -232 fs* and maximum +502 fs* values which are several times the

corresponding GDD of fused silica with the same 1.8 mm thickness 65.16 fs”.
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Figure 16. Group delay dispersion as a function of pump-probe delay time for different
values of a pump peak intensity: 0.68x10> W/cm?, 1.35x10"> W/cm?, 1.63x10'* W/cm?.
Figure from [47].

The observed oscillations (Figure 16, red squares) for positive pump-probe delay times are
similar to those reported in fused silica when looking at Kerr gate signals [61] which assigns the
oscillations to the nuclear contribution (phonons) to the signal. Figure 17 shows the dependence between
induced GDD and initial chirp value. The green dots in Figure 17 indicate the time delays where total
GDD is zero, meaning that the induced GDD cancels the chirp of the input probe pulse and therefore
compresses it to TL duration. Figure 17 has evidence of the two-beam coupling process [62]. The energy
transfer between pump and probe [63] beams is proven by the asymmetric shape of red (squares) and blue
(triangles) curves in Figure 17. Changes in the overall width in the different measurements shown in
Figures 15-17, is caused by changes in the crossing angle between pump and probe pulses. Narrower

widths require near collinear geometry.
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Nonlinear optical dispersion experienced by a single beam, and as acquired by a pulse when
overlapped in time by another pulse results in spectral phase that to first approximation corresponds to

either positive or negative chirp.
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Figure 17. Group delay dispersion as a function of pump-probe delay time for different

values of initial chirp. Black circles for 1.7x10'? W/cm?, red squares and blue triangles
for 1.15x10" W/cm?. Figure from [47].

2.2.4 Conclusion

The measurements presented in this work are relevant to pump-probe experiments carried out in
fused silica cuvettes; femtosecond laser sources involving supercontinuum generation contained in hollow
waveguides [64, 65]; ultrafast fiber lasers which combine high peak intensity and long propagation
length; and silicon-based high-speed on-chip devices [66]. Finally, it has become of interest to use
enhancement cavities to create high harmonic generation. The efficiency of such cavities depends on
intracavity dispersion, which is managed through the use of chirped mirrors and prisms. While the
inclusion of an intracavity bimorph deformable mirror together with a prism pair could be used to control
the intracavity dispersion [67], one could consider using the concept described here, taking advantage of

the interaction between two pulses in a nonlinear medium, to control intracavity dispersion.
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The laser-induced GDD acquired by a probe pulse in fused silica as a result of interaction with an
intense pump laser through changes in the refractive index of media has been measured. The GDD can be
tuned in the range of hundreds of fs?, both negative and positive, by changing a time delay between
pulses. The induced GDD magnitude and sign depends not only on the intensity of the pump pulse but
also on the initial chirp. A numerical model based on the optical Kerr effect is used to provide a
theoretical foundation for the experimental results. The findings could be used to design a pulse shaping
method which exploits the nonlinear interaction between strong and weak laser pulses inside a Kerr
medium to control the temporal profile of the weak pulse through cross-phase modulation. This type of
phase control could be important in enhancement cavities being used for producing higher harmonics or
in a cavity where the space appears to be a limiting factor and other stretcher/compressor devices would

not be suitable to use.
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Chapter 3 Laser self-action

This chapter focuses on the propagation of an intense laser pulse in an optical medium. In
addition to a chromatic dispersion, which is applicable to pulses with any intensity propagating in
dispersive media, an intensity induced dispersion, driven by the term #:/(¢) in Equation 13, starts to play a
significant role. The effect of chromatic dispersion is easily predicted and calculated from Equation 6
when a material and its length are known. For intensity induced dispersion, the changes in pulse
parameters are often more severe and have non-linear dependence, therefore require careful measurement
and correction. We study the effect of intensity-induced dispersion in fused silica, one of the most
common materials for optical elements, chamber windows and cuvettes used in spectroscopic
experiments. The experimental results are presented and discussed in the first section of this chapter. The
second section illustrates a method of mitigation intensity induced pulse changes by applying a binary
spectral phase on a laser pulse prior its interaction with a medium. Same mask applied after the
interaction can reverse changes induced by the first mask and the shape of pulses is restored, free from

intensity induced dispersion.

3.1 Laser-induced dispersion in fused silica

To first approximation, propagation of femtosecond lasers in transparent media leads to pulse
broadening due to dispersion. For visible and near-IR wavelengths pulses experience positive group delay
dispersion that is proportional to the length of the medium (see Equation 6). Since the early days of
ultrafast lasers the static or intensity independent group velocity dispersion values for common optical
materials were tabulated and methods were introduced to compensate the dispersion at least to second and
third order. Laser induced changes to the refractive properties of the medium resulting in frequency
broadening were first observed 55 years ago [68]. However, despite all the progress in nonlinear optics
during the past decades, one can still expect to find surprising phenomena, especially as ultrashort
femtosecond pulses with dispersion control to third-, fourth-, and even higher-orders become widely

available.
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When a high intensity laser pulse enters a dielectric medium, it perturbs the medium, causing
nonlinear changes of the index of refraction leading to the free carrier excitation [69-72], and defect
generation [73, 74]. These changes in turn affect the pulse characteristics as discussed in pulse steepening
[72]. Peak intensities of the order of 10"" W/cm? are below the threshold for supercontinuum generation,
but are high enough to induce optical Kerr effects in fused silica [75]. Kerr effects produce an intensity-
dependent refractive index change (see Equation 13), which has been measured with high sensitivity and
time resolution in a number of media [57, 76, 77]. Changes in the refractive index give rise to self-phase
modulation (SPM). SPM causes frequency chirp and the generation of additional frequency components.
It has been suggested that gas-phase molecular dynamics can lead to deterministic changes in the
refractive index of the medium, as demonstrated experimentally by taking advantage of anomalous GDD
associated with a rotational wave packet to compress laser pulses [50]. Soliton pulse compression,
associated with self-compressed optical filaments caused by SPM have been observed and associated with
the gas-glass-gas interfaces [78].

In general SPM affects femtosecond laser performance. In femtosecond lasers, nonlinear
propagation effects such as SPM are therefore mitigated by temporal stretching of the pulses, as in
chirped pulse amplification, or spatially expanding the laser beam, as in large mode area fibers. In
ultrafast fiber laser design, high-energy pulses can accumulate a non-linear phase, causing wave-breaking
and temporal profile changes of the output pulses [79]. Despite nonlinearity mitigating approaches, day-
to-day variations in the performance of femtosecond lasers are quite common. It is therefore of
fundamental importance to search for and quantify directly laser induced GVD and to provide a physical
understanding that can be used for designing and modeling ultrafast lasers and devices. Our ability to
measure and control spectral phase changes caused by nonlinear propagation in the spectral domain with
high sensitivity [52], provides a new window into nonlinear optical processes. In this experiment, we took
a closer look at the second derivative of the spectral phase or GDD acquired by high peak-intensity laser
pulses during propagation in fused silica. We explored transform limited pulses and pulses for which a
positive or negative pre-chirp is impressed before propagation in fused silica [30].

34



3.1.1 Experimental setup

A schematic of the experimental setup is presented in Figure 18. The output from a Ti:sapphire
oscillator (Coherent Inc.) passes through a pulse shaper (FemtoFit, BioPhotonic Solutions, Inc.) and a
regenerative amplifier (800 nm central wavelength, 1 kHz rep. rate, Legend, Coherent Inc.) and, after
attenuation, is focused with a long focal length lens (f = 300 mm). The laser pulses are first characterized
and high-order dispersion is eliminated to better than fifth order at the sample by using multiphoton
intrapulse interference phase scan [52]. The initial chirp of the pulse is controlled by the same pulse
shaper. The transform limited pulse duration at full-width half-maximum is 40 fs. For all the
measurements presented here the average power is set to 10 mW; low enough to prevent unwanted
nonlinear processes away from the sample. The sample, a 1 mm plate of fused silica, is placed on a
translation stage. The peak intensity was varied by scanning the sample position along the converging
laser beam (from 56 to 8mm from the focal plane), in a manner similar to a Z-scan [57], however the
sample is not scanned through the focus. The focusing beam characteristics were measured using a beam

profiler (LaserCam-HR, Coherent Inc.).

Ti:Sa Regenerative Ti:Sa
Amplifier Pulse Shaper Oscillator
DM
SPEC

SHG
crystal  Filter

LA
IRV

NDF L1 focal plane SM1 L2 L3

Figure 18. Experimental setup for direct GDD measurements. NDF, neutral density filter;
L1,2,3, lenses; SM1, 2, spherical mirrors; DM, chirped dielectric mirrors; SPEC,
spectrometer. Figure from [30].

The laser beam, collimated after the sample, is guided through a pair of chirped dielectric mirrors

which introduce significant -1x10° fs* third-order spectral phase. After focusing on a 0.1-mm-thick BBO
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crystal the second harmonic generation signal is recorded with a fiber-coupled compact spectrometer
(Ocean Optics, HR4000). The SHG crystal is set far from the focal plane to avoid unwanted nonlinear
processes and minimize beam profile effects. Reflective optics between the sample and the SHG crystal
minimize spectral phase distortions.

For fused silica at 800nm, the GVD is equal to 36.2 fs¥mm. Third order dispersion, from the
dielectric a mirrors, causes a narrowing of the SHG spectrum due to nonlinear optical interference, as
discussed in terms of multiphoton intrapulse interference [41]. When GDD is added to a pulse with third-
order spectral phase, the peak SHG wavelength shifts [41]. Here, GDD was measured by tracking the
wavelength shift as shown in Figure 19. The spectrometer resolution 0.12 nm was improved by using a
Gaussian fit of the experimental spectra to determine the peak position, thus achieving + 5 fs* precision.
A calibration curve was made by scanning a known value of GDD using the interferometrically calibrated
pulse shaper. Measuring GDD by tracking the spectral shift provides single-shot high-accuracy values (+
20 fs%), without the need for phase retrieval algorithms. We further tested the absolute accuracy by
measuring the dispersion from different thicknesses of fused silica; fitting the obtained values resulted in
a slope of 37.6fs%, which is off by 1.4 fs? from the literature value. All measurements presented in this
paper were obtained using RT-MIIPS method [80], discussed in Chapter 2. A typical GDD measurement

as a function of peak intensity involved 2500 measurements which were completed in less than 5 minutes.
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Figure 19. RT-MIIPS principle. Experimental SHG spectra for different GDD values.
The SHG spectrum for transform limited pulse is shown as a dotted line for reference.
Cubic spectral phase causes SHG spectral narrowing (green). The SHG peak value shifts

towards longer (shorter) wavelengths in the presence of negative (positive) GDD,
respectively. Figure from [30].

3.1.2 Results and discussion

The peak intensities, measured before the sample, ranging from 0.5x10" W/ecm® to
5.8x10" W/cm?, cover an important region where spectral changes occurring through SPM are small.
Measured GDD values for a 1 mm fused silica plate as a function of peak intensity for five different pre-
chirp conditions are presented in Figure 20a. The dispersion length Lp of fused silica is ~44 mm, and the
nonlinear length Lni is ~1 mm. Therefore, no significant dispersion or nonlinear phase shift from
propagation through the sample are expected. Our measurements, however, indicate GDD changes are
very significant despite the fact that the spectrum of the laser before and after the sample for intensities
below 4x10'" W/cm? shows no difference or shift, for higher intensities one can notice ~5% wings

resulting from SPM.
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Figure 20. Group delay dispersion as a function of peak intensity after propagation
through 1 mm of fused silica. (a) Experimental measurements. The applied initial pre-
chirps are +300 fs* (red triangles), +200 fs* (pink triangles), 0 fs* (black squares), -200 fs*
(blue circles), and -300 fs* (dark blue circles). Dotted lines are corresponding linear fits.
(b) Numerical, split-step Fourier transform, simulation without adjusting parameters.
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circles). Figure from [30].
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The most interesting observation in Figure 20a is that the induced dispersion has a different sign
depending on the initial chirp impressed on the input pulses. We define induced GDD as the measured
GDD minus the initial chirp and static dispersion from the material. Positive pre-chirped pulses acquire
normal induced GDD that is linear with peak intensity. Induced GDD measured at 5.5x10"" W/cm? is
about 550 fs* and can be understood in terms of SPM. Induced GDD for the TL pulses increases slowly
up to 4.5x10" W/cm?® followed later by a linear dependence. At an intensity of 5.8x10' W/cm’ the
induced GDD for transform limited pulses reaches 270 fs%. The dependence at lower intensities does not
show a linear behavior, but the region from 4.5x10'" W/cm?® to 5.8x10'" W/cm? can be fitted by a line
(black dashed line in Figure 20a) with a slope close to the slope that is observed for the positively pre-
chirped pulses. The measurements with transform limited pulses appear to involve an intensity threshold
before laser-induced GVD (LI-GVD) takes place. For negatively pre-chirped pulses an unexpected
behavior is observed. Induced GDD is found to have a negative slope (blue dashed line in Figure 20a) and
continues to accumulate anomalous induced GVD, reaching a value of -120 fs* for 5.5x10" W/cm’.
Effective nonlinear n, coefficients are obtained based on fitting the slope of the experimental data, and

using the approximate relation:

e GDD,, -c ’
2wl (20)

PEAK

where the induced GDDpyp is divided by the pulse duration 7, FWHM, the angular frequency @,, the
length of the propagation L and the peak intensity /peak. The effective n, for positive and zero chirp is
no™ ~(1.2+£0.1) x10' ¢cm®*W, which is close to the published 7, for fused silica (2.48+0.23) x10™'
cm?’W, measured with 100 fs pulses at 804 nm [81]. For negatively pre-chirped pulses the nonlinear
refractive indices are negative. To our knowledge, anomalous laser-induced GVD has not been observed
before. Our measurements starting below 10'' W/cm?® reveal a linear behavior observed up to
6x10'" W/cm?. The linear trend for normal and anomalous LI-GVD implies that free-carriers are not

likely involved at these intensities.
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We have carried out split-step Fourier transform numerical calculations to simulate our data [82].
Results for three initial chirp conditions are show in Figure 20b. Our simulations, without adjustable
parameters, agree with the findings for positive pre-chirp and those for TL pulses. The difference in the
value of the slope is likely due to the intensity distribution of the laser in the experiment and in the
calculations. However, the calculations do not agree with the experimental findings for negatively pre-
chirped pulses. The observation of anomalous dispersion associated with negative pre-chirp requires us to
consider a different nonlinear process. Smolorz et al. considered two-beam coupling for chirped pulses
[62], and indicate energy is transferred from high-frequency to low frequency components during the
interaction. Energy transfer depends on phase matching and depends on the relative time delay between
the chirped pulses. The relevance of beam coupling to our single-beam experiment is that only a
negatively chirped pulse can experience energy transfer caused by the non-instantaneous response of the
medium, from high-frequencies to low frequencies. This energy transfer may be responsible for the
observed anomalous LI-GVD. At higher intensities, once significant SPM related spectral broadening is

observed (data not shown), the anomalous LI-GVD trend is reversed.

3.1.3. Conclusion

The laser-induced group velocity dispersion in fused silica has been measured with high accuracy
in a regime that is near the transform limit. The experiments were conducted using a direct single-shot
measurement of dispersion. It has been shown that LI-GVD depends linearly on the peak power of the
laser and it can be in excess of one order of magnitude the static GVD of the material. Most significantly,
anomalous LI-GVD is observed when the input pulses are negatively pre-chirped. Normal laser induced
dispersion can be understood in terms of self-phase modulation, however, anomalous LI-GVD cannot.
The anomalous LI-GVD is speculated to be caused by energy transfer from higher to lower frequencies.
The findings could have important implications for femtosecond laser design and compression, as well as

for ultrafast laser science where knowledge of the exact value of frequency chirp is required.
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3.2 Mitigation of self-action by binary phase shaping

Self-action mitigation requires a decrease in the laser peak power to a level where induced
nonlinearities have no “visible” effect. Such methods include temporal stretching of pulses as in chirp
pulse amplification (CPA) systems [83], splitting the pulse into a train of pulses as in divided-pulse
amplification [84], and increasing mode area [85]. In general, Ti:Sapphire pulsed laser systems, such as
CPA-based systems, stretch the pulses up to four orders of magnitude by introducing chirp. An alternative
method is to introduce cascaded nonlinearities in a cavity for the compensation of laser-induced phase
shift in a medium [86, 87]. The difficulty of this method is that it depends on the nonlinearity of the
nonlinear crystal, and the amplification gain is orders of magnitude less than in CPA systems [87].
Divided pulse amplification and mode area increases can reduce peak intensity by at most two orders of
magnitude.

In this project [88] we use a binary phase mask composed of either zeros or m at the Fourier plane
of a 4-f shaper [89-91]. The idea of using binary phase shaping (BPS) comes from experiments where it
was shown that BPS provides a robust mitigation of nonlinear optical processes [92] and the symmetry of
the phase can be used to cause selective nonlinear excitation [93, 94]. BPS has been used to control
multiphoton excitation induced chemical reactions [95], and for achieving vibrational mode selectivity in
coherent anti-Stokes Raman scattering (CARS) spectroscopy [96]. Binary phase shaping causes a
femtosecond pulse to break into a train of pulses with overall longer duration and lower peak power. It
has been shown to increase the transmission distance of laser pulses in an optical fiber [97].

Pastirk et al. showed that a binary phase introduced prior to amplification can be compensated
afterwards [98]. This concept and its possible applications are illustrated in Figure 21. We show (a) that a
pulse can be stretched in the time domain by a binary phase, then amplified and recompressed by addition
of the same binary phase [98]. This fact makes BPS attractive for optical amplification (b) and laser
endoscopy (c). To use this template, you will need to apply the embedded styles to each paragraph-level

item in your manuscript, or simply use this template as a visual guide.
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Figure 21. (a) The concept of using BPS in (b) optical amplification systems and (c) fiber

lasers. Figure from [88].
3.3.1 Numerical simulations and experimental results

We conducted experiments and numerical simulations on how BPS affects temporal pulse shape.
For both experiments and simulations we used the fundamental laser spectrum of a Ti:sapphire amplifier
with 40fs pulse duration (10), see Figure 22a. The spectrum is spread over 600 pixels of spatial light
modulator (SLM), as it is in our experiment (explained further). We introduce the term ‘bit’, which stands
for the partition number. Since the spectrum covers 600 pixels, it corresponds to the maximum number of
1-pixel bits. In Figure 22a we show the fundamental spectrum and the optimum 14-bit (600/14~42 pixels
per bit) binary phase out of 16,384 phases to achieve more than an order of magnitude peak intensity
reduction in the time domain. To calculate the pulse shape in the time domain we used the Fourier
transform:

10)=([JI@)e"e do) .

21)
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where I(®) is the pulse spectrum (red curve in Figure 22a), and ¢(w) is the binary spectral phase (black

curve in Figure 22a). Figure 22b compares the time profiles of a transform limited pulse, periodic zero/ ©

and the optimal phase (shown in Figure 22a).
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In Figure 23 we show the 128x128 matrix of inversed peak power ratio values corresponding to
all possible 14-bit binary phases. The search-space corresponds to the peak power reduction for each of
the different BPS possible. The row and column index of each element is defined by first and second half
of its binary number representation, respectively. In this representation coordinates (0,0) and (128,128)
correspond to TL pulses. The global optimum phase with coordinates (65,86) creates 12 times peak power

reduction, in this case.

128

I 32 64 96 128

Figure 23. Binary phase matrix 128x128 showing inverse peak power ratio for 14 bit
phases. The row and column index of each element is defined by first and second half of

its binary number representation, respectively. Red is best, black is no peak power
reduction

We find a pattern for the location of the best phases. The pattern is conserved when increasing the

number of bits and becomes more detailed. Figure 23 shows the peak power ratio values for the 14 bit

binary phases sorted in ascending order.
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Figure 24. Peak power ratio values from Figure 31 sorted in ascending order. The green
dots correspond to the phases shown in Figure 30b. The red arrow points to the optimal
phase.

The number of bits needed to decrease the peak power of an ultrafast laser was first explored
through numerical simulation. The plot is presented in double logarithmic scale (Figure 25). All the
possible phase combinations were evaluated up to 25 bits; see the region between arrows, fitted with red
dashed line, and smallest peak power normalized on TL peak power is plotted against corresponding bit
number. The smallest peak power was the condition in our algorithm to choose the optimal phase. The
slope of the linear fit is -0.95. The deviation from the linear behavior for the bit number >25 arises from
the fact that we did not use the optimal binary phase due to computational resources limit; instead of
analyzing all possible phase combinations, only 10° of them were analyzed. From the prediction line (red
dashed line), it follows that with 1400 bits one can achieve 1000 times peak power reduction, which is

comparable with stretching applied in CPA systems [99].
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Figure 25. Simulation of binary phase peak-power reduction for 40fs pulses. The
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Triangles connected with black line correspond to calculated values. Red line is a fit
based on the linear region. Figure from [88].

For experimental measurements we used a laser system comprising of a Ti:sapphire oscillator
(KM labs) and regenerative amplifier (Spitfire, Spectra-Physics, USA), and a pulse shaper (MIIPS HD,
BioPhotonic solutions, Inc., USA) with a two-dimensional SLM (792x600 pixels, LCOS-SLM,
Hamamatsu, Japan). The laser produces pulses with 40fs duration with the spectrum shown in Figure 22a
centered at 800 nm. After the shaper the laser beam was focused on a 1 mm fused silica slab placed on a
controllable stage, see Figure 26a. The laser light was collected by spectrometer (USB 4000, Ocean
Optics, USA) through a diffusive surface. We measured self-focusing as a function of chirp (quadratic
phase) and for selected binary phases.

Before the measurements, the laser pulses were compressed to TL duration using multiphoton
intrapulse interference phase-scan [19]. The best binary phase for a particular bit number was found out

of 10° random phase combinations and applied by SLM on top of compression mask. The fused silica
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plate was placed on the stage and a z-scan [100] measurement was performed in order to detect self-
focusing. In order to find the chirp-to-bit correspondence BPS mask was switched off and the same scan
was run at the same average power with different chirp phases to find the chirp value that matched the
amount of self-focusing for binary phase. Two such scans are illustrated for chirp (29.3x15> = 47000 f5?)
and binary phase (150-bit phase); see Figure 26b red and black points, respectively. During the
experiment we ensured there was no change in the laser spectrum before sample. The dispersion length of
the sample is much greater than the thickness of the slab used, therefore all the effects relate to
nonlinearities.

The same measurements were performed for 25, 50, 100, and 200 bit phases. Figure 26c, black
squares, illustrate the experimental binary phase to chirp correspondence. The red dashed line is the
theoretical prediction of binary phase and it’s chirp equivalent for 40fs duration pulse. Figure 26¢ shows
that the experimental curve follows the behavior of the theoretical curve with deviation as expected due to

limited number of phases being evaluated.
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A significant difficulty involved finding optimum BPS for large number of bits. Optimization
algorithms depend on the search space and on knowledge about the optimum solution. Problems such as
optimization of second harmonic signal can be solved quickly because the global optimum is surrounded
by promising nearby solutions, i.e. the search space is convex. The other extreme is known as a “needle-
in-a-haystack,” for which no method is superior to random search [101, 102]. The synthesis of a-priori
defined temporal pulses has been solved through the combination of genetic algorithms and Fourier based
algorithms [103, 104]. However, these approaches require knowledge of the optimum solution. For
example, if the optimum pulse should have a flat top temporal profile, the spectral phase required can be

directly written without the need for optimization algorithms [105].

3.3.2 Conclusion

It has been demonstrated that binary phase shaping can be used for self-action processes
mitigation. For CPA systems, a large number of bits would be needed, however, spatial light modulators
with 12,288 pixels exist (Meadowlark Optics, Colorado). Binary phase modulation could be suitable for
laser endoscopy applications, where the final compression would be implemented by a fiber Bragg
grating or special multilayer dielectric mirror, for example. The means to estimate how many bits are

needed to reduce the peak power for a particular application we provided.
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Chapter 4 Designing laser systems for spectroscopy

This chapter discusses the development of two ultrafast laser systems, which are different from
typical 800 nm Ti:sapphire systems widely used in ultrafast research. The invention of lasers capable of
generating ultrashort femtosecond pulses in the 1980s led to fundamental discoveries in chemistry,
physics and biology and prompted the development of novel microscopy methods for biomedical imaging
and spectroscopy methods for remote chemical sensing and imaging. Unfortunately, the cost and
complexity of ultrashort pulsed lasers has confined them to specialized research laboratories, which in
turn has prevented the adoption of nonlinear optical methods as new standards for commercial biomedical
imaging or for sensing applications. With the development of the two fiber-based ultrafast systems, we
are addressing the problem by presenting more compact, robust, easier to operate ultrafast lasers systems
with parameters approaching to those of Ti:sapphire oscillators. The presence of a pulse shaper in the

systems enables tailoring pulse parameters to particular applications.

4.1 High-precision high-stability frequency comb source

In stark contrast to ultrafast femtosecond lasers, diode based continuous wave (CW) lasers, i.e.
non pulsed, are rugged and inexpensive and therefore used in a thousands of applications ranging from
communications to CD and DVD recorders to laser pointers. In this section I present our results on a
source of ultrashort pulses that is one order of magnitude less expensive than conventional ultrafast lasers
but comparable in performance. The source can be compact, reliable, require no manual tweaking and
incorporate computer control arbitrary pulse train synthesis. Immediate applications can be expected in
the areas of biomedical imaging, sensing, metrology and communications. In addition, the new source can
be ideal for portable sensing instrumentation given the rugged, compact, and energy efficient components.

Ultrashort pulse generation requires bandwidth as well as control of the relative phase of each
frequency component of the output. Unlike the lasers that use a cavity with a broad bandwidth gain the
current source directly converts two or more individual frequencies into a broad-bandwidth output
through the cascaded four-wave mixing (cFWM) process. This process, which is necessary but not

sufficient for the creation of ultrashort pulses, has already been intensively studied and demonstrated in
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labs elsewhere [106, 107]. In fact, this process is now being considered of great interest in the
telecommunications field for wavelength-division multiplexing (WDM) [108]. Trillo in 1994 showed the
theory of FWM in optical fibers along with experimental data for long segments of standard single mode
fiber (SMF) [109]. Later pulses with picosecond pulse duration (1-10ps) appeared in works of Guy Millot
[110, 111]. With the development of fiber based optical communication technology these optical combs
were used in signal transmission and required specific shapes of the spectrum, like a flat-top spectrum,
rather than shortest pulse duration [112, 113]. The widest bandwidth for this type of laser source was
presented in highly non-linear fibers like photonic crystal fibers (PCF). Cerqueira et al. showed about 200
cFWM products spanning 300 nm [114]. Ozeki et all utilizes an idea of alternating segments of highly-
nonlinear fiber (HNLF) and SMF, called a comb-like profile fiber, resulting in 97fs pulses [115]. Finally,
Cruz showed the ability of this light to generate second harmonic signal, which promises potential good
coherence of the light and perhaps form ultrashort pulses [116].

Four-wave mixing process in an optical fiber is a nonlinear interaction among four different
waves. In this process energy and momentum of waves must be conserved. During FWM process photons
from one or more waves are annihilated and new photons are created. For instance, three waves with
frequencies w1, @2 and ;3 interact in the fiber in such a way that two photons ®; and w; are annihilated
and two new photons ®3; and ms = @1 + @2 — @3 are created. Notice that photon of frequency m; was
already present in the field, therefore is amplified. The photon w4 is at newly generated frequency, and
therefore represents spectral broadening. The special case where w1 = m is referred to as degenerate

FWM. FWM can be described as a nonlinear optical polarization [114]:
* =il f(o)+B(wy)-P(wy)]z
P(w,) < E\E,Ee l ’ o (22)

where E; is the electric field amplitude at w;, f(w) is the waveguide propagation constant at frequency ®
and z is the propagation distance inside the fiber. For efficient generation, there should be a phase
matching between phase of nonlinear polarization and a phase of field at frequency ws. This phase-

matching requirement occurs when the net wave-vector mismatch k = 0, where k is given by:
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K = Axm + Axw + Akne =0, (23)
where Akm, Akw and Axn represent the mismatch occurring as a result of material dispersion, waveguide
dispersion and nonlinear effects, respectively. To obtain phase matching, at least one of them should be
negative. In order to obtain high efficiency, the product ABL must be small, where L is the fiber length,
and

AR = B(w4) + P(@3)-P(w1)-P(w2). 24)

As the waves propagate through the fiber, FWM processes may occur involving the waves
generated previously, creating in this way photons at further new frequencies (see Figure 27), which is
called as cascaded or multiple FWM. This frequency cascading is formed by signals with well-defined

frequency and phase differences, therefore predicted to have very good coherent properties.
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Figure 27. A schematic illustration of cascaded four-wave mixing process.

Material dispersion plays a fundamental role in phase matching. The efficiency of cascaded FWM
can be optimized by using two pump lasers with frequencies near the zero-dispersion frequency.
Therefore, the use of fibers that provide efficient dispersion management and high nonlinearity at the
same time, can be useful to enhance the efficiency of the multiple FWM process.

In order FWM to be efficient, nonlinearity of the fiber should be substantial. The fused silica a
material with a very low nonlinear index and nonlinearities become visible only at very high peak
intensities in bulk materials. On the other hand, nonlinearities in optical fibers are easily generated due to

the tight confinement of the optical power into a small core area and the long interaction length with an
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optical field. Practically, the nonlinear coefficient of y is often used to determine the magnitude of the

Kerr nonlinearities in fibers and can be written as:

2m m,

y=—""—""
A Ay

, (25)
where A is the free-space wavelength, n, is nonlinear refractive index and A4.s is the effective area of a
fiber. To enhance vy, a fiber heavily doped with GeO, in the core area, and a large refractive index
difference between the core and the cladding is preferable because such fibers have a small A.x+and a large
ny. Figure 28 [117] shows the schematic refractive index profiles of an HNLF and a standard single-mode
fiber (SMF). In typical HNLFs, the relative refractive index difference of the core to the outer cladding is
around 3%, while the core diameter is around 4 pm. Consequently, y of typical HNLFs is enlarged to

about 10 (W-km) ™', which is about ten times as large as that in SMF.
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Figure 28 Comparison of refractive index profiles for HNLF and SSMF.

In this work we investigate the phase properties of the laser source based on CFWM process in
highly nonlinear optical fiber using 4-f pulse shaper as a phase manipulation instrument. Phase
characterization and compensation leads to effective compression of the output pulses to sub-45fs,
comparable with current mode-locked solid-state and fiber lasers.

4.1.1 Laser schematic
The cascaded FWM laser experimental setup is illustrated in Figure 29 [118]. Two distributed

feedback (DFB) fiber lasers with linewidth<0.1 kHz, each producing 6 mW single-frequency continuous
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wave, are combined by a 50/50 polarization-maintaining (PM) fiber coupler. The output of these two
DFB lasers can be tuned independently from 1,549.17 to 1,551.36 nm. A LiNbO3; Mach-Zehnder intensity
modulator converts the combined CW light into 40 ns pulses with low duty cycle. The modulated pulses
are seeded into an Erbium-doped fiber amplifier (EDFA), which can deliver maximum output average
power of 4 W. Then, the amplified pulses are coupled into a segment of HNLF to generate cFWM. The
HNLF used here has zero-dispersion at 1550 nm, a dispersion slope of 0.019 ps/(nm*km) and a nonlinear
coefficient of 11.5 W'km™. The spectrum of the output pulses is monitored by an optical spectrum

analyzer (OSA, HP70951A) with 0.1 nm resolution.

HNL fiber
50/50 PM BBO sP
DFB1 coupler L1 L2 |—| L3
IM 4fhpulse (II H D (} SEEE
o) shaper
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RF pulse
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Figure 29. Schematic of laser setup and its characterization and compression. DFB,

distributed feedback fiber laser; IM, intensity modulator; EDFA, erbium doped fiber

amplifier; HNLF, highly nonlinear fiber; BBO, barium-borate crystal; SP, short-pass

filter; L1, L2, L3, lenses; SPEC, spectrometer. Figure from [118].

The generated cFWM comb pulses from HNLF are characterized and compressed using a MIIPS-
enabled 4-f pulse shaper (MIIPS Box 640, Biophotonic Solutions Inc.) [52], which can perform discrete
phase manipulation for each comb line individually. Output pulses from the shaper are focused onto a 1-
mm-thick BBO crystal. The generated second harmonic generation signal is detected by a compact
spectrometer (QE65k, Ocean Optics) and used as feedback for phase control. A thinner 0.1-mm-thick
BBO crystal also was tested, and the SHG signals were identical in shape and behavior. This indicates

that 1-mm-thick fully supports the bandwidth. Intensity autocorrelation (AC) of the compressed pulses is

measured by the pulse shaper and a non-collinear autocorrelator separately.
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4.1.2 Laser performance and pulse compression

Two DFB lasers outputs are tuned to 1549.17 nm and 1551.36 nm, respectively, which are near
the zero-dispersion wavelength of the HNLF. These wavelengths are extreme for DFB laser we have.
This seed wavelength separation results in 273 GHz repetition rate of final pulse train. The intensity
modulator produces 40 ns pulses with 170 kHz repetition rate. This condition is required to obtain
optimized amplification and get high peak power. Amplification by the EDFA, results in pulsed output
with average power of ~0.4 W which is then coupled into a 13 m long HNLF. The output spectrum from
the HNLF consists of equidistantly spaced spectral lines that span from 1500 nm to 1590 nm (Figure 30).
The line gap of 2.19 nm and two central lines in the spectrum are coincident with the output of the two
DFB lasers. The rest of the frequency comb lines are generated by cFWM on both sides of the seed
frequencies. It is observed that the total number of lines depends on the length of HNLF and the power of
radiation launched into it. Under current experimental conditions, 13 m HNLF is found to be optimum to
generate maximum number of comb lines, ~40 with intensities >—30 dBm. With shorter fiber, fewer lines
are produced due to less nonlinearity. Longer fiber does not necessarily lead to a greater number of comb
lines because the HNLF used here has a non-zero dispersion slope, thus, phase matching is not fulfilled
far from the seed frequencies. Generally, more power also gives more spectral lines because of the
nonlinear nature of the cFWM process; however, it is still limited by phase-matching requirements. With
certain HNLF length, increasing pump power produces supercontinuum generation which does not have a

predefined comb structure and is not fully coherent.
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Figure 30. Experimental fundamental spectrum for 13 m segment HNLF. Two black
arrows show seeding lines from DFB lasers. Figure from [118].

The shape of the spectrum, periodic modulation of envelope, indicates the presence of self-phase
modulation process in addition to cFWM. This diminishes an application of this laser source in
telecommunication or metrology, which require more uniform spectrum. On the other hand, for
generation of ultrashort pulses SPM is playing positive role by broadening the spectrum, provided pulses
can be compressed on the output [119].

To characterize the generated pulses, the HNLF output is sent to the 4-f pulse shaper, with the
laser spectrum spread across a spatial light modulator. This enables discrete phase modulation for each
line individually. With the phases of other lines fixed, one line is scanned from —=n to +m, while the
integrated SHG signal is monitored. After the scan, the delay corresponding to maximum SHG signal is
applied to this set of pixels. Then, this process is repeated for each of the comb lines, and then repeated
across the whole spectrum a few more iterations until the integrated SHG signal no longer improves. The
final phase settings for 9 central lines are shown in Figure 31a with a polynomial fit of the discrete phase

plot (red curve in Figure 31a), that shows a mainly quadratic phase distortion of about —12 000 fs*. The
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sign and magnitude of the linear chirp depends on the length of HNLF and output powers from EDFA. In
our experiments it evolved with the spectrum change and varied from —80 000 fs* to +10 000 fs*for fiber
lengths from 50 to 5 meters respectively. It is also noticed that, the SHG spectrum changes with the

compensation phase applied (Figure 31b).
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Figure 31. (a) Line-by-line phase corrections (shown only 9 central lines, indexed with

blue numbers). Each black dot shows the phase of corresponding pixel. Red curve is a

second order polynomial fit of phase values. Pump lines corresponding to 1549 and 1551

nm are denoted as -1 and +1, respectively. (b) SHG spectrum changes with continuous

quadratic phase applied across all spectral lines. Figure from [118].

The result of phase compensation obtained for 13 meters of HNL fiber is presented in Figure 32.
The compressed pulses are further characterized by autocorrelation. Shaper-based collinear non-
interferometric auto correlation (Figure 32a) shows full-width-half-maximum (FWHM) of ~70 fs, which
corresponds to 45 fs pulse duration. The peak-to-baseline ratio for these parameters is about 4:1, which
indicates the presence of uncompressed light or a broader pedestal. We believe this light can come
partially from the EDFA, which was pushed to its limits of amplification. Another source of the pedestal

can be supercontinuum generation inside of HNLF, which takes place at some point after cFWM process

stops.
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Figure 32. Pulse characterization. (a) Shaper-based non-interferometric auto correlation.
(b) Train of pulses with repetition rate 3.6 ps (not compressed output). Figure from [118].

Additional autocorrelation measurement (Figure 32b) is performed using a non-collinear optical
autocorrelator with a scan range of ~30 ps. This autocorrelation shows the repetition period of
femtosecond pulses is 3.66 ps which is in agreement with the 2.1 nm line separation in comb spectrum.
The repetition rate is tunable but strongly affects pulse duration as it changes bandwidth of spectrum
(which is roughly number of lines timing line separation). According to long range AC, laser output is
very stable in amplitude and phase, note that one pulse is correlating with subsequent pulse in the pulse
train.

4.1.3 Conclusion

Synthetic frequency comb generation by cascaded four-wave mixing in highly-nonlinear fiber
was investigated for its ability to generate ultrashort femtosecond pulses. Line by line shaping was carried
out using a 4-f pulse shaper and it resulted in mainly linear chirp (quadratic phase dispersion). The
autocorrelation of the compressed output pulses showed a pulse duration of 45 fs, which is the shortest
pulse duration reported from external cavity frequency comb sources. The simplicity of the all-fiber
design and superb stability observed over time are encouraging for application of the source for

spectroscopy.
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4.2 Characterization and adaptive compression of multi-soliton laser source

We have considered developing an eye-safe long-wavelength (1400-2000 nm) range laser system
for coherent Raman scattering spectroscopy. For a long time, the inverse 4™-power wavelength
dependence of spontaneous Raman signal has led to great interest in the development of UV-Raman for
trace explosives detection. In particular, systems using wavelengths shorter than 260 nm have been shown
to avoid fluorescent signals [120]. Conversely, near-infrared wavelength lasers have been considered
impractical because the spontaneous Raman signal from a 250 nm laser would be 1477 times stronger
than the signal from a 1550 nm laser, because of the inverse 4™-power wavelength dependence mentioned
above. Fortunately, coherent Raman processes such as coherent anti-Stokes Raman scattering do not have
the same wavelength dependence. Spontaneous emission, given by Einstein’s coefficient A,;, can be

written as

167°¢
21 = W| 21

|2
, (20)

where A is the wavelength of light, &, is permittivity of vacuum, h is Planck’s constant, and M, is
the transition dipole moment. Spontaneous emission is responsible for the high-order dependence on
wavelength. On the other hand, stimulated emission/excitation does not have this wavelength dependence,
as can be seen from the Einstein B, coefficient:
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One can thus conclude that the 1400 to 2000 nm wavelength region can be used for eye-safe high
sensitivity coherent Raman spectroscopy, avoiding the steep wavelength penalty of spontaneous
processes. Soliton self-frequency shift (SSFS) in optical fibers resulting from anomalous dispersion
regime pumping [121-123], has been considered ideal for generating the broad bandwidth above

1400 nm, especially when using large mode area (LMA) fibers or photonic crystal (PC) rods [124]. The

low dispersion of an isolated SSFS soliton leads to well behaved ~70 fs pulses [124, 125]. When pumped
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with high-energy pulses, however, SSFS in a PC rod results in greater than 300 nm bandwidth output
spectrum consisting of a dispersive wave and a train of independent pulses resulting from soliton fission,
each one experiencing different spectral shift, dispersion, and time delay [126, 127]. In this project we
explore the possibility of characterizing and compressing such a complex multi-soliton source with the
hope of having greater intensity, bandwidth and shorter pulses.

Characterization of supercontinuum pulses from photonic crystal fibers in the normal dispersion
regime is challenging but has been reported [128-132], and in few cases has led to sub-10 fs compressed
pulses [132]. Multi-soliton SSFS sources are particularly difficult to characterize because they consist of
multiple (two or more) solitons, each with different carrier frequency and group velocity dispersion.
Characterization and compression of the multi-soliton output requires the independent characterization
and compression of each soliton, followed by coherent phase combining of all the solitons into a single
coherent pulse. While accomplishing this manually seems a formidable task, we take advantage of a
broadband pulse shaper and the multiphoton intrapulse interference phase scan characterization and

compression method [17-19, 45]. Results from two different laboratories are presented.

4.2.1 Experimental setup and results

The experiments were carried out in two different laboratories, one at Cornell and one at
Michigan State University (MSU). The experimental setup, see Figure 33, for both laser setups was very
similar. The setup consists of a pump laser (Cazadero, Calmar Laser) producing ~500 fs pulses at
~1550 nm central wavelength. At Cornell, the laser was running at 1 MHz, producing 1.3 pl/pulse,
coupled into 37 cm long LMA PC rod (100 um diameter, NKT Photonics, Denmark). At MSU the laser
was running at 2 MHz, producing 0.41 pl/pulse, coupled into 45 cm LMA PC rod (100 pm diameter,
NKT Photonics, Denmark). The soliton order was calculated to be 14 and 7 for the first and the second
laser setups, respectively [127]. Dispersion of the rods was anomalous in the spectral range of interest,
with dispersion parameter ~25 ps/nm/km at 1550 nm. The nonlinear parameter was estimated to be ~
0.03 W'km™. Coupling efficiency into the rod was ~ 93% for both lasers. A pulse shaper (MIIPS Box
640, Biophotonic Solutions Inc., USA) was used to measure and correct phase distortions of the rod
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output using MIIPS [19], and to obtain the interferometric autocorrelation on the pulses. The pulse shaper
first isolated each of the solitons, to characterize their spectral phase, and to adaptively compress them by
introducing a phase that cancels the dispersion measured for each soliton. After compression, the pulse
shaper synchronized the arrival of each soliton in order to coherently combine them. We compared
autocorrelations measured by the MIIPS software with a numerical simulation based on fundamental
spectrum. Second harmonic signal was generated in 10 um beta barium borate Type I crystal and used as
a feedback for the pulse shaper. Phase matching bandwidth of the BBO crystal covered the entire optical

bandwidth of system output.

L1 L2 P L3 L4
PC rod
Pump laser Pulse ~— - SPEC
Shaper
HWP SHG Filter
crystal

Figure 33. Schematic of the experimental setup for multi-soliton generation: L1-4,
lenses; HWP, half-wave plate; P, polarizer.

Figures 34a and 34b show the multi-soliton broadband output spectra for the two laser setups. In
both cases, we observe two fundamental solitons and a dispersive wave due to high-order nonlinear
effects. The output spectrum depends on the pump intensity, wavelength-dependent fiber parameters, and
self-induced Raman scattering process. As each soliton propagates in the PC rod, the intrapulse Raman
scattering effect and group velocity walk-off separate them from the residual input and from one another
[127, 133]. This also reduces the influence of blue-shifted non-soliton radiation, resulting in better
stability for the longest wavelength soliton. The spectrum in general contains four components: a high
intensity modulation instability (MI) region that overlaps some residual input pump pulse, a blue shifted
dispersive wave, and two red shifted solitons 1 and 2 in Figures 34a and 34b. Note that the spectrum in

Figure 34a is broader than the one in Figure 34b, because of the greater input pulse energy.
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Figure 34. Multi-soliton spectra of LMA PC rod output in semi-logarithmic scale for
(a)1.3 pJ pump pulse energy and 37 cm long PC rod; and (b) 0.4 pJ and 45 cm long PC

rod.

We performed simulations for 100 pulses coupled to a PC rod with random intensity noise [127]

in order to determine the expected output pulse-to-pulse fluctuations, degree of coherence. We used the

experimentally measured parameters with 1% power fluctuations. Figure 35 (red curves) shows the
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average spectrum for both laser systems, which are in a good agreement with the experimental spectra.
The degree of coherence, calculated as in [134], is shown in Figure 35 as black curves. The overall

coherence is high for the majority of the spectral components with spectral intensity.
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Figure 35. Average spectrum (left axis, red curve) and degree of coherence (right axis,
black curve) calculated for an ensemble of 100 pulses for (a) the first laser system with
1.3 wJ pump pulse energy and 37 cm long PC rod; and (b) the second laser system with
0.4 WJ/pulse and 45 cm long PC rod.
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Figures 36a and 36d show the MIIPS traces obtained for laser setups. In both cases, the
incoherent MI with residual input region between 1540 nm and 1558 nm was blocked with a card at the
spatial light modulator in the pulse shaper. In a MIIPS trace, second harmonic generation intensity is
plotted as a function of wavelength and chirp applied by a pulse shaper [18]. One can distinguish the SHG
from each of the two solitons marked as 1 and 2 and the dispersive wave emission marked as 3. Two
additional signals, labeled as 1+2 and 2+3, result from sum-frequency generation. Individual
compression, done by transmitting the desired part of spectrum and blocking other parts at the SLM,
resulted in 57 fs, 155 fs, and 150 fs pulses for the first laser setup; and 90 fs, 156 fs and 210 fs for second
laser setup, for spectral regions 1, 2, and 3, respectively. Delay scans for the first laser setup revealed a
540 fs delay between solitons 1 and 2, and ~120 fs between 2 and 3. Delay scans for the second laser
setup showed 900 fs delay between solitons 1 and 2, and 700 fs between 2 and 3. After delay
compensation, the coherent output is close to transform limited as confirmed by the MIIPS trace shown in
Figures 36b and 36e, where most of the SHG intensity is concentrated at zero-chirp. Numerical
simulation of SHG chirp scan based on the experimental spectra for a transform-limited pulse, shown in
Figures 36¢ and 36f, is in close agreement with the experiment, indicating successful compression. Note

that MIIPS corrected the dispersion of all optics including the shaper to achieve TL pulses.
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Figure 36. MIIPS traces showing the SHG intensity as a function of wavelength and

spectral chirp: (a)-(c) for 1.3 pJ per pulse and 37 cm long PC rod; (d)-(f) for 0.4 uJ per

pulse and 45 cm long PC rod. (a) and (d) before compression, (b) and (e) after

compression, (c) and (f) numerical calculation assuming transform-limited pulses based

on the input spectra. Each trace was independently normalized.

Cross-correlation frequency-resolved optical gating (XFROG) of the second laser system output,
using the longer wavelength soliton at 1668 nm as a reference, reveals the time delay among the different
output spectral regions, see Figure 37. In Figure 37a one can see that each of the components has a
different time delay, for example 900 fs between solitons 1 and 2, and 700 fs between soliton 2 and the
dispersive wave. In Figure 37b we show a corresponding trace after the dispersive-wave and the two
solitons were synchronized, and coherently phase combined. The fundamental spectrum is shown on the
right, Figure 37c, as a reference. Cross-correlations of the laser source prior to and after compression

demonstrate the multi-soliton output with overall ‘pulse duration’ greater than 1500 fs is compressed to ~

30 fs, resulting in a compression factor of ~50.
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Figure 37. Measured cross-correlation traces of the PC rod output without (a) and with

(b) delay compensation. Intensity is presented in logarithmic scale. Plots were centered at

soliton 2 for symmetry. (c) Fundamental spectrum. Note the wavelength axis of the

fundamental spectrum is not linear.

The integrated SHG intensity was ~3 times greater after the compression for both lasers. The
SHG spectrum and interferometric autocorrelation of the output, and their numerical simulations, are
shown in Figures 44a-44c for first laser sistem and Figures 38d-38f for second one. Side lobes in both
cases result from the highly structured spectrum. The pulse used to calculate the pulse width was
determined by fitting the autocorrelation. We found sech® fit well down to 10% of the amplitude, a
Gaussian function did not fit well below the 50% intensity level. The pulse duration, full width at half
maximum (FWHM), for the first and second lasers were 28 fs and 45 fs, respectively. For the first laser
setup, the energy per pulse and peak power after compression were measured to be 0.3 pJ and 10 MW,

respectively; and 0.15 pJ and 3.15 MW for the second one. These energies are almost an order of

magnitude higher than the energy that has been used for in vivo three photon microscopy [135].

67



1.04a) :‘“‘ SANEALE b) | Experiment Theory
1|hl¥11IClml]3l'1.s.‘il0I'|. 28 fs 23 fS
~ 0.8 61 1
: |
- S 4 f[
2 04 E I |‘ ‘n
= én 2 ||I \i “I Hrj |_|:= i
= 1 oS T RSN, g ]
% 02 —alll} ﬁJ g T g
0.0 ; : T 0 . : i" : : 0 ; : : : ;
750 800 850 900 -400  -200 0 200 400 -400 -200 0 200 400
Wavelength (nm) Time (fs) Time (fs)
. I\-, Sression 8 . T T T 8 T T T T T
Lo d) :1:}:‘;‘“":”‘” " €) ! Experiment D g;“}m}’
45 fs S
=z 08 6 f 61
2
g o 3 4 | [\ 4/
g 3 L
T [0 .).'__lr iy ‘...41, 2
w 4 L el lu i, "
02 /\ '.:.'1'6:':‘=.'|=.L'-"ﬁ""?!.kl-‘nlg-d|flu‘/1| & ‘,I'J’IHLJ|!-|||s|fu..:«.'r:'i'l+._ o
00— : 04— . ; — 04— . . ;
750 800 850 900 -400 =200 0 200 400 -400  -200 0 200 400
Wavelength (nm) Time (f‘s) Time (fS)

Figure 38. Results after compresssion. (top row) for the first laser setup, (bottom row) for

the second laser setup. (a) and (d) are SHG normalized intensities before and after

compression. (b) and (e) are experimental interferometric autocorrelations. (c) and (f) are

theoretical interferometric autocorrelations.

In order to characterize the pulse-to-pulse noise of the laser source, namely spectral amplitude
and phase fluctuations, we used the fidelity parameter [136]. The fidelity measurement involves a
calculation of the ratio between theoretical and experimental normalized intensities of the second
harmonic signal as a function of linear chirp. An ideal laser has a fidelity parameter of 1.0, Ti:Sapphire
oscillators have a fidelity parameter greater than 0.9, and fiber lasers of 0.8-0.9. It has been shown that
spectral phase and amplitude noise result in distinct fidelity signatures [136, 137]. Figure 39a shows the
fidelity measurement for the multi-soliton source of the first laser setup. A fidelity parameter of ~0.48 is
estimated as the asymptotic value (after £15k fs®) of our measurements. The second laser system had a
10% greater fidelity after a few technical improvements such as isolation the laser from ambient airflow,
shorter optical path between pump laser and length of the PC rod. The relatively low fidelity values
observed for multi-soliton compression indicate pulse-to-pulse spectral breathing in the output [136], but

the shape of the fidelity curve indicates the phase of the output spectrum seems stable. Spectral breathing
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results from the phase and amplitude instability of the pump laser, which degrades the coupled peak
intensity in the PC rod. This behavior agrees with previous studies on the coherent properties of
supercontinuum in a PC rod in the anomalous dispersion regime [134]. Fidelity measurements of the
isolated (longest wavelength) soliton for the same laser system, shown in Figure 39b, give an asymptotic
value of ~0.9, confirming superior pulse quality and coherence. Typically, this soliton is used for Raman

microscopy and multiphoton microscopy [138, 139].
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Figure 39. Fidelity measurements for the multi-soliton source after compression obtained
(a) for the entire spectrum and (b) for the isolated long-wavelength soliton.

In order to further test the phase stability of the coherently combined multi-soliton output, we
scanned the phase of one of the solitions with respect to the rest of the output. The phase of the long-
wavelength solition was varied from —2x to 27 using the pulse shaper, in 0.5 rad increments, see Figure
40a. Multiphoton intrapulse interfernce [41, 140] modulates the sum frequency generation signal with
complete destructive interference at values of + m as shown in Figure 40b. The modulation depth, 100%
theoretically, indicates a high level of phase coherence between different parts of the spectrum. Detecting
the second harmonic signal at the wavelengths corresponding to sum frequency generation, indicated in
Figure 40b with blue arrows, resulted in sinusoidal dependence as predicted by theory, see Figures 40c

and 40d. In the Figure 40e¢ a sinusoidal phase scan was performed. The spectral phase,

() = a cos [7/(60 —w,)—0 ] was applied by the pulse shaper, where =2, ¥ =40 fs and O was
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scanned from 0 to 2n. The equidistant parallel lines are the signatures of TL pulses [17]. For a transform-
limited output one can clearly see traces predicted by theory. The reproducibility of the phase scan and

MIIPS traces was checked over a day operation of the laser. This behavior confirms good long term phase

stability.
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Figure 40. Phase coherence tests of the compressed multi-soliton source. (a) The
fundamental spectrum and the phase from —2x to 2n applied to the longest-wavelength
soliton. (b) Second harmonic spectra at 0 rad (red) and = rad (black). The arrow shows
the wavelengths which appeared due to the sum frequency generation. Normalized
experimental and theoretical results from the phase shift scan for 799 nm (c) and 828 nm
(d). (e) MIIPS scans for uncompressed, compressed pulses and numerical simulation
respectively.
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4.2.2 Conclusion

The successful characterization, compression and coherent combining of multiple solitons from a
large mode area photonic crystal fiber rod using a MIIPS enabled pulse shaper for two separate laser
setups has been reported. Pulses as short as 28 fs were obtained, although in such a case some spectral
breathing was identified based on fidelity measurements and degree of coherence simulation. When the
long-wavelength soliton was isolated, pulses as short as 57 fs were measured, and these pulses had higher
fidelity (coherent and pulse-to-pulse stability properties). The factor of two shorter pulses would result in
a factor of 8 or 16 greater signal for third- or fourth-order nonlinear optical processes. The compression
scheme used here should work well for two or more soliton-outputs and dispersive waves. We conclude
that compression of complex multi-soliton sources offers a path to short pulse generation at wavelengths
in the ~1.6-1.8 pm wavelength region where it can be used for non-linear spectroscopic methods such as

coherent Raman scattering.
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Chapter 5 Measuring and controlling the motion of particles
Physical Chemistry operates at two levels: a molecular level studied by spectroscopic methods
and an ensemble level studied by statistical methods and thermodynamics. In real life chemical reactions
depend on mixing of gaseous and liquid reagents and happen in a complex environment — in turbulent
systems with complex flow of energy and mass. This is a subject for non-equilibrium thermodynamics.
Figure 41 illustrates two examples of highly turbulent processes: a vortex pair behind airplane (left panel)

and turbulence in a combustion chamber imaged via Laser Induced Fluorescence (right panel) [141].

Vortices in aerodynamics Vortices in combustion

Figure 41. Example of complex fluid flow resulting in formation of vortices.

If one zooms in to a level of a single particle, it can be considered that those processes have
similar mechanical dynamics although there is no chemical process with plane. For modeling of these
processes, we need to learn how things are behaving at in a very small region of that space. More
accurately we measure, better model we can get. In this chapter we discuss problems of measuring and
controlling of motion of particles in a fluid. For these projects we had a collaboration with Department of
Mechanical Engineering at Michigan State University, because the problem is similar to those they are
solving for unsteady fluid mechanics and aerodynamics. The first section of the chapter presents an
optical measurements of vorticity. The second one is focused the ability to control that motion and
presents interesting results of laser-induced motion. It was suggested by theoretical calculations in

Averbukh’s research group, that there is a link between rotation of molecules on microscopic level and
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subsequent macroscopic rotation due to collisions between molecules [142]. The experimental

confirmation is yet to be done, which motivated us to conduct the experiment.

5.1 Fluid flow vorticity measurements

Vorticity is mathematically defined as the curl of the velocity vector, Q =V xU , and is physically
interpreted as twice the local rotation rate (angular velocity) o of a fluid particle, i.e. Q=2w. In a
turbulent flow, unsteady vortices of various scales and strengths contribute to the chaotic nature of
turbulence. The complexity of the problem led Richard Feynman to state that “Turbulence is the most
important unsolved problem of classical physics” [143]. Even though spatially- and temporally-resolved
direct measurement of instantaneous vorticity has been a long-held goal, it has proven elusive to date.
Currently in all non-intrusive methods, whether particle-based such as Laser Doppler Velocimetry (LDV)
and Particle Image Velocimetry (PIV) [144, 145], or molecular-based as in Molecular Tagging
Velocimetry (MTV) [146], vorticity is estimated from a number of velocity field measurements at several
points near the point of interest, which then allow computation of the velocity derivatives over space.
These methods provide a measurement of vorticity that is spatially averaged over the (small) spatial
resolution area of each method. The first direct measurement of vorticity was attempted more than three
decades ago by measuring the rotation rate of planar mirrors embedded in 25um transparent spherical
beads that were suspended in a refractive-index-matched liquid [147]. The implementation of this method
is very complex and requirement of index matching significantly limits its use and prohibits its
application in gas (e.g. air) flows. A capability to directly measure vorticity in fluid flows in a non-
intrusive time-resolved manner would greatly impact the field of fluid mechanics.
5.1.1. Concept for optical measurements of vorticity

Direct non-intrusive measurement of vorticity requires a laser-based method that is sensitive to
rotational motion. Translational velocities can be measured with laser Doppler velocimetry by taking
advantage of the (linear) Doppler Effect, which causes a frequency shift when objects move towards or

away from a source of light. Analogously, but much less utilized, the Rotational Doppler Effect (RDE)
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can be used to measure the angular velocity of a rotating object [148-151]. Measuring with RDE requires
the use of Laguerre-Gaussian (LG) light beams that possess orbital angular momentum (OAM), a spatial
(azimuthal) modulation of the beam phase front. The creation of beams with arbitrary orbital angular
momentum /, or beams having a superposition of counter-rotating OAM (&/), requires computer
controlled 2D spatial light modulators capable of introducing complex phase designs. Figure 42 shows
phase masks, imprinted on SLM (left column), and intensity profiles of laser beam reflected of the SLM

(right column) for /=2, 4,18.

Phase profile Intensity profile

Figure 42. Phase masks and resulted experimentally measured intensity profiles for
beams with different OAMs.



The use of LG laser beams with counter-rotating OAM (#/) to determine the angular speed of a
rotating solid disk based on RDE was recently reported by Lavery et al. [149]. When the illumination
comprises two helically phased beams of opposite values of /, their scattering into a common detection

mode gives opposite frequency shifts resulting in an intensity modulation of frequency f,, ., =2[/|w/27 ,

where o is the angular velocity of the rotating object. Lavery et al. [149] tested this type of setup and
were able to measure the angular velocity of a spinning disk. Similar concepts have been employed to
measure the angular velocity of a microparticle trapped in an optical trap [152, 153]. The idea of
measuring flow vorticity with helically phased LG beams has been considered by Belmonte et al. [154],
where they tested it on a digital micromirror device but not in a fluid flow.

We present [155] what we believe is the first direct vorticity measurement in a fluid flow based
on angular velocity measurement of micron-sized particles free flowing in the fluid using RDE and LG
laser beams with OAM. Very small particles faithfully track the fluid flow and, at steady state, they move
with the local flow speed and rotate with the local angular velocity of the fluid (or half the local flow
vorticity at the particle center) [156]. We demonstrate the technique in a flow field known as solid body
rotation or rigid body flow field—for which the angular rotational velocity is uniform and particles
carried by the flow also rotate about their center as if they were part of the rigid body. In this type of flow,
the vorticity is the same everywhere. We present two sets of experiments. In the first, the signal from a
group of 6 um microparticles is integrated to obtain the average fluid rotation rate about the beam optical
axis within a 100 um illumination region, thus obtaining the spatially-averaged vorticity within that
region. In the second experiment, the same information is obtained by measuring the angular velocity of a
single 100 pum particle in the flow. The latter is the type of transient measurement required to determine

vorticity in more complex flows fields.

5.1.2 Experimental setup
The experimental setup for measurements of the local flow angular velocity and vorticity is

shown in Figure 43a. The 488 nm continuous wave beam from an optically pumped semiconductor laser
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(Genesis MX, Coherent, USA) with initially Gaussian beam profile is expanded by a telescope (L1, L2)
and shaped by a two-dimensional liquid crystal on silicon spatial light modulator (LCOS-SLM,
Hamamatsu, Japan). The SLM is programmed with a diffraction pattern that introduces the LG spatial
modulation and diffracts the spatially shaped beam as shown in Figure 43b. The shaped beam possesses
the orbital angular momentum corresponding to a superposition of LG 18 modes, and its far-field
intensity profile corresponds to a circular periodic structure with 36 petals, see Figure 43c. The use of
optical angular momentum in the context of the experiments presented here has been reviewed recently
[157]. The beam is then focused with long focal length lens L3 and first diffraction order is selected with
an aperture. Lens L4 collimates the beam, which after reflection from dichroic mirror (DM) is focused by
lens L5 (60mm focal length) into the center of a rotating cylindrical container with the beam optical axis
aligned along the rotation axis. The beam diameter at the focus is measured to be about 100 pm and the
average power is 12 mW, an intensity that is at least one order of magnitude too weak for causing laser
trapping. The container is filled with fluorescent micro-particles suspended in a density matched solution
of water and glycerin (density about 1.05). Two sets of red fluorescent polymer microspheres (Thermo
Fisher Scientific Inc.) are used in these measurements, one with 6 um diameter (15% variance) and the
other 100 um diameter (7% variance). The container cap is fitted with a thin quartz window that touches
the liquid surface at all times to eliminate free surface effects. The angular velocity @ of the container is
controlled by an optically encoded motor (3501 Optical Chopper, New Focus, USA) rotating at frequency
f and angular velocity @ =27 f . Measurements were done after the container was spun for a few
minutes to ensure a steady state rotation flow field had been established. The resulting flow field is devoid
of any secondary flow and is precisely characterized by the solid-body rotation velocity field U =rxo
and its spatially uniform vorticity field Q =2w.

Backscatter fluorescent light from the irradiated particles is collected with lens L6 and is focused
onto a photodiode. A small diameter pinhole is set before photodiode in order to spatially filter out signal

from outside of focal volume in fluid. The intensity modulated signal from the fluorescent particles is
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recorded at 10 kHz sampling rate and spectrally analyzed. Earlier efforts from our group to detect
vorticity based on back scatter resulted in very poor signal to noise ratios due to multiple sources of
scatter [158]. The use of fluorescent particles, in combination with clean OAM shaped laser excitation,
allows us to reject scattered light from the rotating surfaces of the container and guarantees the measured
signal originates from within the rotating body of fluid. The vertical resolution of the measurements
presented is estimated to be 2mm, and is determined by the focal length of the lens used and by the iris
near the detector.

Beam expander 2D-SLM
a) T T T T T

Laser

photodiode source

.
pinhole

-

Rotating cylinder
flow setup

Figure 43. (a) Experimental setup. L1-L6, lenses; M1-M2, mirrors; DM, dichroic mirror.
(b) Diffraction pattern generating LG +18 modes. Actual pattern on 2D SLM included
diffraction grating pattern to suppress original Gaussian mode and SLM flatness
correction pattern, both not shown here. White color corresponds to 0 phase shift while
black corresponds to 2m phase shift with 256 steps in between. (c) Resulting beam
structure used to illuminate particles in fluid flow. Figure from [155].
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5.1.3 Results and discussion
For the measurements presented, the LG laser beam has an OAM with / = +18, resulting in 36

bright features (petals). Scattering from objects rotating at angular velocity @ (or rotation frequency f)
leads to intensity modulation at frequency f, , =36 %ﬂ =36/ . The first set of data in Figure 44 shows

the measurement with 6 pum fluorescent particles, with density about 100 particles per focal volume. In
this case, by measuring the rotation rate of an ensemble of particles within the ~ 100 pum beam diameter
we obtain the averaged fluid rotation rate within that region. Figure 44a shows examples of intensity
modulation of collected (AC-coupled) signal for four different prescribed rotation frequencies of the
cylindrical container. Fourier transforms of each signal provides the spectral information in Figure 44b

using a short data record of about 200 ms in length.
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Figure 44. Measurement results for ensemble of particles. (a) 100 ms long time series of

collected signal for four different rotation frequencies of the container: f'= 4.28 Hz, 4.76

Hz, 5.24 Hz and 5.71 Hz. (b) Power spectrum of the signals in (a) (200 ms data record).

Figure from [155].

From the spectral peaks in Figure 44b we measure the modulation frequencies for the four cases
to be 154.16+5 Hz, 171.37+£5 Hz, 188.58+5 Hz, and 205.76+5 Hz. These values correspond to the
measured fluid rotation rates of 4.28+0.14 Hz, 4.76+0.14 Hz, 5.24+0.14 Hz, and 5.72+0.14 Hz,
respectively. These values are in excellent agreement with the prescribed rotation frequencies of the

rotating fluid container. Accuracy of these measurements is limited by FFT resolution divided by two-

times the OAM. For a 200 ms data record and OAM with / = £18 we obtain 5/36 = 0.14 Hz. Given the
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steady flow field in this experiment, one can improve the measurement accuracy, if desired, by increasing
the length of the data record for FFT analysis or increasing the beam’s OAM. For arbitrary flows, one
could speed up data acquisition to 20 ms, reducing accuracy to 1.4 Hz.

The second set of experiments was carried on with larger 100 pm particles with low particle
density in solution to ensure single particle measurement within the = 100 um beam diameter. This was
confirmed by visually observing the single particle presence in the focal volume of structured laser beam
based on its intensity time series during data collection. Typical photodiode signal for two different
prescribed rotation frequencies of the cylindrical container, f = 4.28 Hz and 4.76 Hz, is presented in
Figure 45a. FFT analysis for the signals is presented in Figure 45b. The peaks indicate modulation
frequencies of 154.08+5 Hz, and 170.10+5 Hz for these two cases. The corresponding values of the
measured fluid rotation rates are 4.28+0.14 Hz, 4.73+0.14 Hz, which are again in excellent agreement

with the imposed rotation frequencies of the rotating fluid container.
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Figure 45. Measurement results for a single of particle. (a) Time series of collected signal

for two different rotation frequencies of the cylindrical container: f'= 4.28 Hz (top), and

4.76 Hz (bottom). (b) Power spectrum of signals in (a). Figure from [155].

The solid body rotation flow field was selected for these proof-of-concept experiments because it
is relatively simple to create and has well-characterized velocity and vorticity fields. When the liquid-

filled cylindrical container initially at rest starts to spin, the fluid layer near the moving wall starts to

move with the cylinder due to the no-slip viscous boundary condition at the wall. The motion is then
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propagated throughout the container by viscous shear until the entire body of liquid rotates at the same
speed of the container. The final steady state velocity field is that of solid body rotation with vorticity that
is constant in time and uniform in space, with axis parallel to the axis of rotation of cylinder and
magnitude equal to twice the cylinder angular velocity. While we have demonstrated here the idea of
vorticity measurement using laser beams with OAM in a steady flow environment, clearly most exciting
applications would be in unsteady flows. For micro particles in Stokes flow regime, particle rotation time

can be estimated from 7 = p, d° / 60u , where p, and d are the particle density and diameter, and u is the

fluid viscosity [159]. For 100 pum particles like those used in our experiment the rotation time is about 100
usec. Therefore, unsteady vorticity measurements are feasible and could be obtained by acquiring shorter
record lengths of data. Because of the quadratic dependence of particle rotation time on diameter, one can
select the appropriate particle size to ensure a response time that is faster than the flow-fluctuation time
scale. We performed this type of measurement but under steady flow conditions. The time invariant
spectral peak (200ms FFT window) in Figure 46 is obtained from a 100 pm particle that lingers within
laser illumination at the axis of the rotating container while spinning with the fluid rotation rate.
Measuring the spectral peak based on the 40 s data record yields a modulation frequency of 171.5+0.025
Hz, or particle/fluid rotation rate of 4.76 Hz, in perfect agreement with the imposed rotation frequency of

the fluid container.
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Figure 46. FFT map of signal for a single 100 um particle in solution over time (f'= 4.76
Hz). Figure from [155].

While the experiments we have reported here represent the extension of the work of Lavery et al.
[149] to the field of fluid dynamics, there are certain differences between the two as well. In the latter, the
scattering signal originates from the planar surface of a spinning disk. In ours, measurements are carried
out within the body of the fluid and the scattering signal is from a finite volume inside the fluid. For
measurements with high spatial resolution, this scattering volume needs to be localized to a small region.
In the current experiments, this was achieved by focusing the laser beam to about 100 pm diameter inside

the liquid container.

5.1.4 Conclusion

The first direct and localized non-intrusive measurement of vorticity in a fluid flow using the
Rotational Doppler Effect and Laguerre-Gaussian spatially modulated light beams that possess orbital
angular momentum has been presented. The approach has been demonstrated in the flow field of solid
body rotation where the flow vorticity is known precisely. In one experiment, measurements with a group
of 6 pm microparticles is used to obtain the average fluid rotation rate about the beam optical axis within
the 100 pm illumination region, and therefore, the spatially-averaged vorticity within. In another

experiment, the same information is obtained by measuring the angular velocity of a single 100 pm
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particle in the laser beam. In both experiments, the measured results are in excellent agreement with those
expected from the prescribed rotation frequencies of the rotating fluid container.

Although, the technique is demonstrated here in a simple flow where vorticity is uniform and
steady, the approach holds great promise for unsteady flows with spatially varying vorticity field. It is
intended to explore extensions of this measurement technique to more complex flow environments. Part
of this effort involves imposing a prescribed rotation rate onto the periodic structure of the beam pattern
in the focal volume in order to introduce a bias in the measured frequency and allow the determination of

direction of rotation

5.2. Motion induced by laser filamentation

Femtosecond filamentation - whereby self-focusing caused by the optical Kerr effect and
defocusing caused by plasma formation are in balance - was discovered approximately twenty years ago
[160]. Since then, a significant body of work on this subject has accumulated with excellent reviews
available [161, 162]. The unusual properties of femtosecond filaments have led to the suggestion of
numerous applications such as LIDAR [163, 164], lightning protection [165], generation of single cycle
pulses [166], laser induced breakdown spectroscopy [167], and fluid dynamics measurements [168, 169].

The observation of laser-induced water vapor condensation in the atmosphere and in cloud
chambers using the 220 mJ Teramobile laser [170], has inspired field and cloud chamber experiments in
which charged species, formed by the laser, were identified as the nucleation agents [171, 172]. Cloud
chamber experiments with a 1kHz 2mJ laser source identified an updraft of warm moist air creating
vortices perpendicular to the filament ~ 5Smm below the laser; the laser-induced flow having a significant
effect on water condensation and snow formation [173-175]. In this project we have explored the fluid
flow dynamics that ensue in dry air as a result of filamentation with 0.7 mJ pulses at 1kHz. Taking
advantage of light-sheet illumination to obtain a cross-section of the fluid flow, we find the formation of
pairs of counter-rotating vortices in the wake of the laser filament, which could affect fluid dynamics
measurements involving filamentation [168, 169]. The observation [176] is made in the absence of a

complicated thermofluids environment involving humid air, an imposed temperature stratification
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(bottom plate temperature at -19.5°C while the temperature in the top was +19°C), and in the absence of

phase changes (condensation) [173-175].

5.2.1 Experimental setup

A schematic of the experimental setup is presented in Figure 47. The output from a 1 kHz
regenerative amplifier with 800 nm central wavelength, is focused with a long focal length concave
mirror (f = 500 mm). The laser pulses are first characterized and their spectral phase is corrected to near
transform limited by using multiphoton intrapulse interference phase scan [177, 178]. The transform
limited pulse duration at full-width half-maximum is 40 fs. For all the measurements presented here the
average power is set to 700 mW. The beam is focused in air. Glass tubes of two different diameters (4mm
and 14mm) and lengths are used to keep room air currents to a minimum. The glass tubes are intersected
by a laser sheet, which is created by a CW green laser diode (532 nm) focused by a cylindrical lens. In
order to visualize the fluid flow, a small amount of butanol is sprayed in the air near the tube; the butanol
mist enters the tube and scattering allows us to see the fluid flow dynamics surrounding the filament
taking advantage of Mie scattering. Pictures and video of the fluid dynamics were acquired using a digital

single-lens reflex (DSLR) camera set at a 30° angle from the laser direction of prorogation.
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Figure 47. Experimental setup. Green diode laser is used to create a laser sheet in the
vertical plane. DSLR camera images green scattered light from seed particles, unveiling
the fluid flow resulting from filamentation in a narrow glass tube. Figure from [176].
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5.2.2 Results

Results of laser-induced fluid flow are illustrated in Figure 48, obtained with the smaller diameter
tube. In these cases, two almost identical vortices (a vortex pair of opposite rotation) are created with
symmetry in vertical and horizontal planes. Vortex rotation direction is opposite for right-left or top-
bottom. The circular motion with gradually increasing rotational frequency starts when the laser filament
is formed. The speed of the rotation is stabilized within a very short period of time (about 1 second) and
stays constant all while the filament is present. When the filament is not formed or the laser is blocked,

the motion stops completely.

Figure 48. Two different vortex pairs observed in the 4 mm diameter glass tube induced
by laser filamentation. The laser filament is observed as a purple hue in the middle of
each image. Scale bars are 1 mm. The number of vortices as well as their relative
orientation depends on the position of the laser filament relative to the center of the tube.
Figure from [176].

The orientation of vortices (Figure 48 left image versus right image) is found to depend on the
position of the filament relative to center of the tube. With a slight offset from the central position inside
the tube vortices have a preference to form in a certain configuration. For instance, the difference between

the two cases illustrated in Figure 48 is the filament is displaced in the vertical direction relative to center
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of the tube (left) or in the horizontal direction (right). When the filamentation is closest to with a
symmetry axis of the tube other flow arrangements are possible such as — three- and four-vortices.

To study the influence of the tube on the fluid flow dynamics in the wake of laser filamentation
we used a tube with a larger inner diameter — 14 mm. All other experimental parameters were kept the
same. The result is presented in Figure 49. In this arrangement we observed two counter-rotating vortices
with much slower rotation speed, counterclockwise for the left vortex and clockwise for the one on the

right.

Figure 49. Vortex pair formed in the glass tube with 14 mm in diameter created by laser
filamentation. The filament can be observed as a faint purple hue in the middle of the
image. The scale bar is 3mm. Figure from [176].

5.2.3 Discussion and implications

Ionization associated with the filament suggests the laser deposits sufficient energy to cause local
heating, which then causes convective fluid flow within the confined cylindrical volume. The heat
deposited by the laser plasma with estimated local temperature of 3000-5000 K [179] is transferred to gas
molecules surrounding the filament, thereby causing gas expansion and creating fluid motion by several

possible mechanisms, including radially expanding shock waves and an upward motion for these
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molecules due to gravity. When the expanding gas reaches the cylindrical wall of a tube it forms counter-
rotating vortices. Despite the high temperatures, the overall heating effect from laser filaments may be
neglected when using low repetition rate sources [170-172], but becomes significant when using kHz
laser sources [173-175].

To test the buoyancy-generated flow hypothesis, we replaced the laser filament by a resistance
wire diameter of 0.45 mm at the center of a 14-mm tube. When the wire is heated the temperature
gradient in the gas creates vortices identical to those created by laser, see Figure 50. When the
temperature of the wire reaches 150°C, the rate of rotation in the vortices matches that of the laser
induced vortices. This measurement gives us a sense of the local macroscopic heating caused by the laser
filament. In some cases, we see more complex vortex pairs (not shown) that are not explained by the
simple buoyancy hypothesis. We plan to evaluate if those cases are related to multi-filament formation.

Our findings are complementary to cloud-chamber measurements of laser-filamentation-induced
condensation and snow formation [170, 173]. Condensation was found to result from the creation of
plasma generated nucleating agents [170], and particle growth is enhanced by laser-induced motion of air
flow [173, 175]. Cloud chamber measurements and associated simulations under high humidity and near a
cold plate visualized the formation of a vortex formed a few millimeters below the filament [175]. The
light-sheet illumination experiments presented here on dry air capture the formation of vortex pairs along
the filament. These findings support the fact that heating by the filament cannot be neglected and affects

fluid flow, even in the absence of temperature stratification and condensation.
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Hot wire

Figure 50. Vortex pair formed in the glass tube with 14 mm in diameter created by a hot

resistance wire, which casts a horizontal shadow. The temperature of the wire was

adjusted to match the period of rotation of the laser-induced vortices. The scale bar is

3mm. Figure from [176].

The measurements presented here are useful for implementation of applications based on laser
filaments. For single pulse applications, the laser experiences no distortion from local heating as it
propagates. However, the fluid flow dynamics in the wake of the pulse are disturbed by local heating. We
are aware of one type of measurement whereby a femtosecond laser excites the excited B-state of
nitrogen, and the emission is used to achieve molecular tagging velocimetry [146] for fluid dynamics
studies in air [168]. Findings of local heating introduced by a filament and the changes in fluid dynamics
surrounding the filament suggest that MTV experiments need to take these effects into account and care

must be exercised in the interpretation of results. Conversely, the findings reported here indicate filaments
can be used to affect fluid flow dynamics remotely.
5.2.4 Conclusion

The experimental observation of fluid flow caused by propagation of femtosecond filaments in
dry air is presented. Significant flow disturbance comprising multiple vortices has been observed. We

hypothesize that the nature of this fluid flow arises from gas expanding of the heated region created by the
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plasma associated with filamentation. Convection processes and the constrained volume force the gas to
form vortices. This hypothesis has been tested with a heated wire placed in the tube instead of laser beam,
and the observed vortex formation was very similar to the laser-induced one. These findings confirm the
importance of heat flux from filaments and the resulting fluid flow, a result relevant to applications of
filaments for molecular tagging velocimetry, condensation and in general for the use of high-repetition
rate sources where the medium does not renew fast enough and subsequent pulses travel in areas with
increasing thermal energy. The analysis presented explains the simplest case of a single pair of vortices
induced by an updraft caused by thermal buoyancy. Under certain conditions of intense laser excitation
and confinement more complicated fluid flow is observed. It is planned to explore the higher energy

regime, and different chamber configurations using axial as well as transverse light sheet illumination.
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Chapter 6 Summary and outlook
This chapter summarizes the work and results presented in this dissertation. The topics I worked
on included pulse shaping (real-time femtosecond pulse correction and dispersion compensation using an
additional laser pulse), understanding laser self-action processes and their mitigation using binary phase

shaping, designing two laser sources for spectroscopic applications, and fluid and air flow studies.

6.1 Pulse shaping: new methods of pulse stabilization and laser-induced dispersion control

The sensitivity of the second-harmonic generation signal to the spectral phase of a femtosecond
pulse through multi-photon intrapulse interference plays a key role in many pulse characterization and
compression techniques. In the RT-MIIPS method we used the well-understood and predictable response
of the SHG signal to spectral phase fluctuations for second- and third- order phase dispersion in order to
measure those fluctuations. By narrowing the SHG signal and tracking the position of its peak, we can
accurately measure the SOD and TOD of pulses in real-time, in what is essentially a single-shot manner.
The results were demonstrated on different laser systems and confirmed the stability of the laser
parameters. Long-term automatic peak power stabilization opens up possibilities for long-term
experiments, where measurements can be free from errors due to drifts in the phase and amplitude of laser
pulses. The single-shot nature of this method allowed us to study laser-induced dispersion in fused silica
and develop an optical method for pulse dispersion control.

In some situations, the use of conventional dispersion control methods, like prisms and grating
compressors, is not feasible due to their bulky dimensions, high losses or challenging wavelengths of
interest. We have developed an all-optical method for controlling the dispersion of femtosecond pulses
using another intense pulse and the cross-phase modulation effect in fused silica. The experimental results
show that the dispersion can be controlled in the range of hundreds of fs*, which corresponds to the

chromatic dispersion of a few centimeters of optical glass.
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6.2 Laser self-action and its mitigation

In many optical setups for photochemical experiments, a femtosecond pulse travels through
optically transparent media before it reaches a sample. This media could be a cuvette wall for a liquid
sample or a window in a vacuum chamber, and it can introduce a phase shift in the laser pulse that alters
its shape and spectroscopic properties. When the thickness and the refractive index of a material are
known, the chromatic dispersion introduced by the media can be calculated and either corrected for using
a pulse compressor or taken into account during data processing and analysis. For intense laser pulses, the
non-linear refractive index starts to play an important role and leads to laser-induced dispersion. We
studied the effect of self-phase modulation and related to it laser-induced dispersion for femtosecond
pulses propagated in fused silica. For transform-limited pulses and positively-chirped pulses, the effects
we measured were in very good agreement with theory. In contrast, the surprising and anomalous
dispersions observed in negatively pre-chirped pulses cannot be simply explained by optical Kerr effect
theory. We speculate that for negatively chirped pulses, the energy transfer from high-frequencies to low
frequencies, caused by the non-instantaneous response of the medium, is responsible for this anomalous
effect. The finding is extremely important because it highlights not only the magnitude of the expected
dispersion but also its sign, which without proper acknowledgement, could lead to inaccurate results in a
photochemical experiment.

In most applications, phase distortions introduced by propagation media have negative effects on
laser system performance. These include pulse degradation due to spectral modulation, breakage of pulses
into trains of pulses, self-focusing, and destruction of optics. In this work, we have studied mitigation of
self-action processes, including self-focusing and self-phase modulation, using binary shaping of the
spectral phase. We applied a spectral phase consisting of zeros and n-s and measured the amount of pulse
degradation following propagation through a fused silica window. We studied the relationship between
the way the phase mitigates phase distortion and decreases peak power of a laser pulse. We studied a few
thousands of phases with different number of elements, both numerically and experimentally, and found
that the efficiency of self-action mitigation for binary phase shaping is proportional to the number of
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elements in the phase. For instance, to attenuate a pulse by a factor of 1000 (a minimum requirement for
viable chirp pulse amplification), the phase mask requires 1400 elements. A phase mask can be a fixed-
phase plate or a programmable SLM, but in both cases, it is completely reversible—after passing through
the same mask, the light is restored to its original pulse shape. The task of finding the optimal phase mask
for arbitrary number of elements is a highly non-trivial task. We also addressed this problem and provided
insights into the solution by taking advantage of the symmetries of the search space and its fractal
properties.

6.3 Laser systems for specific spectroscopic applications

We developed two broadband laser systems with a particular emphasis on spectroscopic
applications. Both systems have specific advantages.

The first system has an especially unique design. The main feature distinguishing it from
conventional “classical” lasers, which have a cavity, a gain media, and a mode-locking mechanism, is that
the ultrashort pulse generation is based on a cascaded four-wave mixing process in a highly nonlinear
optical fiber. The straightforward all-fiber “in-line” design, without bulk optics, makes this turnkey laser
very robust, stable and maintenance-free. This type of laser is related to frequency comb lasers. The
bandwidth the laser produces consists of multiple extremely narrow spectral lines centered at 1550 nm.
The spacing between lines, defined and controlled by electronics, is on the order of a few nanometers,
which makes each line distinguishable and measurable by an optical spectrum analyzer. This is a big
advantage for spectroscopic applications, which require precise and accurate information on the positions
and magnitudes of spectral components. The bandwidth was found to be coherent experimentally, to
produce sub-45 fs pulses. A spectral phase correction, performed with a pulse shaper, was necessary to
compress pulses to a transform-limited pulse duration. It is worth noting, that since second-order
dispersion was found to be the main component in the phase corrections, a simple grating-based
compressor can be used. Finally, the use of off-the-shelf telecom components and fibers reduced both the
cost and size of the source, which along with its robustness, makes it suitable for use outside of a research

laboratory.
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The second system is based on bandwidth broadening in photonic crystal fibers via the soliton
fission process and soliton self-frequency shift. These allow pulses from a commercial fiber-laser
amplifier to be compressed from 500 fs to 30 fs, with corresponding bandwidth broadening from 15 nm to
>300 nm in the 1600 nm region. The challenge in this work was in the multi-pulse nature of the generated
light: the output of the fiber is a train of pulses with different wavelengths, spectral amplitudes and
phases, and with pulse separations of hundreds of femtoseconds. Compressing each pulse and them
coherently combining them using a MIIPS-enabled pulse shaper resulted in a single ultrafast broadband
pulse. The compressed source was found to have good coherence and phase stability, though fidelity
measurements did indicate moderate spectral breathing. The system has potential applications in

nonlinear spectroscopy and multi-photon deep-tissue imaging.

6.4 Fluid flow: measurements with spatially shaped laser beams and creation with intense laser

The problem of measuring a fluid flow is of great interest in research areas dealing with complex
turbid media, such as aerodynamics, combustion processes and chemical reactors. One of the most
important flow parameters, vorticity, is usually computed by post processing video recording, but this
limits both time and spatial resolutions. In this work, we presented the first optical measurements of
vorticity in real flows with 100-micron resolution. The studies were conducted on fluorescent micron-size
spheres suspended in a density-matching liquid in a steady-state flow. We used a 488 nm laser with an
optical angular momentum, generated using a phase mask on 2D SLM, that is sensitive to rotation.
Spectral analysis of the intensity modulation of the fluorescent signals from the particles revealed the
rotational frequency. The measurements for an ensemble of 6 pm particles and a single 100 um particle
were in very good agreement with expected values.

As the first step toward inducing and controlling the macroscopic motion of molecules in the gas
phase with optical pulses, we conducted an experimental study of air flow under intense laser radiation. A
laser filamentation, a few centimeters-long region of ionized medium and plasma contained in a micron
diameter light channel, was created by focusing 0.7 mJ laser pulses with a long focal length lens in air.

The filament was surrounded by a glass tube to shield the interaction region from the ambient air flow.
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We used laser-sheet side illumination with a green laser on highly scattering aerosol-like particles to
observe and record the formation of pairs of vortices. We related the motion to a temperature gradient
originating from hot plasma electrons. The geometry of the flow, namely the number of vortices and their
direction of their rotation, can be explained by updraft motion of heated air molecules inside the confined
volume of the tube. The hypothesis was tested by replacing the filamentation with a heated metal wire.
The resulting flow was very similar to that induced by the laser, which confirmed the hypothesis. The
finding indicates the importance of heat flux from filaments and the resulting fluid flow for applications
with high-repetition rate lasers where the media does not quickly recover and subsequent pulses travel in

areas with increasing thermal energy.
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Appendix-I Matlab code for generating binary phases and searching for an optimal solution

The following code generates a set of n-bit binary spectral phases, calculates peak power for each
of them for a 38 fs pulse and plots the results in m by m matrix, where m=sqrt(2"n). The code assumes
600-pixel pulse shaper and Gaussian shape spectrum. The result for =14 is shown in Figure 23.
%% initialize
clc;
clear all;
reverseStr =";

c=3*10"8;%m/s

%% Time and frequency axis setup
T=20000; %fs

nt=2"12;
dt=T/nt; % timestep (dt)
t=(-nt/2:1:nt/2-1)"*dt; % time vector

w=2*pi*(-nt/2:1:mt/2-1)"/(dt*nt);

w_min=min(w);

W_max=max(w);

%lambda0=800; %central wavelength in m, 800nm
%w0=2*pi*c/lambda0;
Y%lambda=2*pi*3e2./(w+2*pi*3e2/lambda0);
dw=abs(w(1)-w(2));

%% Laser pulse parameters

tau=38; % initial pulse duration, FWHM of intensity, fs
tauO=tau/2/log(2)"0.5; %pulse duration for calcs, fs
u0=1*exp(-1/2*(t/tau0).*2); %pulse in time
specO=fftshift(iftt(fftshift(u0)))*dt; %spectrum of intial pulse

%% Phases setup

nbits=14;  %number of bits in phase
nphases=2"nbits;%number of phases for current bit number
ncarpet=sqrt(nphases);

%% setting up phase range on spectrum
Th=0.005; % threshold for binary phase range
BW=find(abs(spec0)."2>Th*max(abs(spec0).”2));
npxlsBW=length(BW); %number of points within spectrum range
w_BWmin=w(BW(1));
w_BWmax=w(BW(length(BW)));

% PXLS division

npxls_ideal=600;
npxlsperbit=ceil(npxls_ideal/nbits);
npxls_real=npxIsperbit*nbits;

% New w axis
dw_new=(w_BWmax-w_BWmin)/(npxls_real-1);
w_BW=(w_BWmin:dw_new:w_BWmax)';
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nw_ext=(w_BWmin-w_min)/dw_new;
w_postBW=(w_BWmax+dw new:dw new:w BWmax+nw_ext*dw new)',
w_preBW=(w_BWmin-dw_new*(nw_ext-1):dw_new:w_BWmin)';
w_new=cat(l,w_preBW,w BW,w postBW);

nt new=length(w_new);

% New t axis

dt new=2*pi/(dw_new*nt_new); % step in time domain
t=(-nt_new/2:1:nt_new/2-1)"*dt_new; % time vector

% Interpolation on new w axis
specO=interp1(w,specO,w_new,'spline');
uO=fttshift(fft(fftshift(spec0)))*1/dt; %intial pulse interpolated

%% Initializing arrays for main loop

phi_ BW=zeros(length(w_BW),1); % creates empty array for phase within spectrum
phi_pre=zeros(length(w_preBW),1); %creates zeros before spectrum
phi_post=zeros(length(w_postBW),1); %creates zeros after the spectrum

smallest=1;

allresults=zeros(nphases, 1);

%% Main loop
tic;
for i=1:nphases
phi_ref=dec2bin(i-1,nbits)'=='1"; %generates phase combination
for j=1:nbits
phi BW(npxls_real/nbits*(j-1)+1:mpxls_real/nbits*j)=phi_ref(j);
end
phi=cat(1,phi_pre,phi_ BW,phi post);
phi=phi.*pi;
spec=spec0.*exp(-11*phi);
u=fftshift(fft(fftshift(spec)))*1/dt;
current_peak=max(abs(u).”2./max(abs(u0).*2));
allresults(i,:)=current_peak;
if current_peak<smallest
smallest=current_peak;
smallest phi ref=phi_ref;

phi_ref2=dec2bin(i-1,nbits);
halfl1=phi_ref2(1:nbits/2);
half2=phi_ref2(nbits/2+1:nbits);
yl=bin2dec(fliplr(halfl))+1;
x1=bin2dec(half2)+1;

peak coordinates=[y1 x1];
else
smallest=smallest;
end
%%
figure(1)
subplot(1,2,1);
plot(w_new,abs(spec0).”2./max(abs(spec0).”2),w_new,phi.*0.5./pi);
title(['#Phase=",;num2str(i)]);
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xlim([-0.1 0.1]);
ylim([0 1.1]);
subplot(1,2,2);
plot(t,abs(u).”2./max(abs(u0)."2),t,abs(u0).”2./max(abs(u0).”2));
xlim([-200 200]);
ylim([0 1.1]);
pause(1);
percentDone = 100 * i / nphases;
msg = sprintf('Percent done: %3.1f, percentDone);
fprintf([reverseStr, msg]);
reverseStr = repmat(sprintf("\b"), 1, length(msg));
end
toc;
figure(2)
plot(w_new,abs(spec0).”2./max(abs(spec0).”2),w_new,smallest phi.*0.5./pi);
title(['Smallest peak=',num2str(smallest)]);
xlim([-0.12 0.12]);
ylim([0 1.1]);
figure(3)
plot(1:nphases, sort(allresults))

For bit number more than 25 computational cost makes it impractical to evaluate all phases in a
set. We used a pseudo-random generation of phases to test bit numbers above 25. Figure 51 shows a 3D
representation of a 12-bit set of binary phases to illustrate the algorithm of phase selection. The first phase
is picked randomly and peak power is calculated. Then 8 adjacent phases are also evaluated and peak
power for each phase is compared. If peak intensity for any of the phases is lower than the peak intensity
of the original first phase, then the algorithm keeps searching around that phase to find a local minimum
of peak power (dark blue valleys in Figure 51). When peak power can no longer be reduced by moving to
adjacent phases, the local minimum is recorded and the algorithms starts over with another random start
phase. After a number of local minima are obtained, they are compared to each other to yield the global

minimum.
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Figure 51. 3D plot of pulse intensities normalized on TL pulse intensity for 12-bit binary
phases (64 by 64 matrix). Red color corresponds to high peak intensities; blue color
corresponds to a good attenuation.

A Matlab code of the pseudo random search algorithm is following:

cle;

clear all;
reverseStr =";
c=3*10"8;%m/s
T=65000; %fs
nt=2"14;

nbits=50; %number of bits in phase

nsites=10000; %number of phases for current bit number
%% Axis setup

dt=T/nt; % timestep (dt)
t=(-nt/2:1:nt/2-1)"*dt; % time vector
w=2*pi*(-nt/2:1:mt/2-1)"/(dt*nt);

w_min=min(w);
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Ww_max=max(w);

dw=abs(w(1)-w(2));

tau=38; % initial pulse duration, FWHM of intensity, fs

tauO=tau/2/log(2)"0.5; %pulse duration for calcs, fs

u0=1*exp(-1/2*(t/tau0).*2); %pulse in time

specO=fftshift(iftt(fftshift(u0)))*dt; %spectrum of intial pulse

Th=0.005; % threshold for binary phase range
BW=find(abs(spec0)."2>Th*max(abs(spec0).”2));

npxlsBW=length(BW); %number of points within spectrum range
w_BWmin=w(BW(1));

w_BWmax=w(BW(length(BW)));

npxIsperbit=round(npxlsBW/nbits);

npxls_real=npxIsperbit*nbits;

phi_ BW=zeros(npxls_real,1); % creates empty array for phase within spectrum
phi_pre=zeros(BW(1),1); %creates zeros before spectrum
phi_post=zeros(length(w)-length(phi_BW)-length(phi_pre),1); %creates zeros after the spectrum
% phi_ref=zeros(nbits, 1);

phi_random=zeros(nbits, 1);

%% Main loop
global min=1;
pulse=0;

for i=1:nsites
a=a+l1;
% a
for n=1:nbits %generates RANDOM phase
phi_random(n,:)=round(rand(1));
end
phi_center=phi_random;
stop=0;
area_min=1;
while stop==0;
k=k+1;
% k
phi_neigbors=gen8numbers_around Gaus(phi_center); %Generates 8§ neighbors around initial phase
local_min=1;
for m=1:9 %calculates peak intensity for each of 9 phases
count=count+1;
% c
for j=1:nbits % remaos a phase on 600 pxls
phi_single=phi_neigbors(:,m);
phi BW(npxls_real/nbits*(j-1)+1:npxls_real/nbits*j)=phi_single(j);
end
phi=cat(1,phi_pre,phi BW,phi post);
phi=phi.*pi;
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spec=spec0.*exp(-11*phi);
u=fftshift(fft(fttshift(spec)))*1/dt;
current_peak=max(abs(u).”2./max(abs(u0).”2));
if current_peak<local min
local _min=current_peak;
local u=u;
local_phi=phi;
local_phi_short=phi_single;
phi_center=phi_single;
end
end
if local min<area min;
area_min=local min;
area_u=local_u;
area_phi=local phi;
area_phi_short=local phi_short;
stop=0;
else stop=1;
end
continue
end
if area_min<global min;
global min=area_min;
global u=area u;
global phi=area_phi;
global phi_short=area phi_short;
end
end
toc;
eltime=toc;
nbits
nsites
global min
final pulse=abs(global u).*2./max(abs(u0).”2);
spectrum=abs(spec0).”2./max(abs(spec0)."2);
Waxis=w;
taxis=t;
%k
count
%% Plot
figure(2)
subplot(2,1,1);
% plot(w,abs(spec0).”2./max(abs(spec0).”2),w,global phi.*0.5./pi, w,SquareSpex);
plot(w,abs(spec0).*2./max(abs(spec0).”2),w,global phi.*0.5./pi);
title("Spectrum and induced binary phase');
xlabel('angular frequency, w-wO0, fs"-1");
ylabel('normalized intensity, arb.u.");
xlim([-0.15 0.15]);
ylim([0 1.1]);
subplot(2,1,2);
plot(t./1000,abs(global u).”2./max(abs(u0)."2));
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title(['Pulse with induced phase. Peak power ratio to TL=",num2str(global min)]);
xlabel('time, ps");

ylabel('peak power/peak power TL, arb.u.");

xlim([-25 25]);

ylim([0 0.01]);

Functions to generate coordinates of 8 adjacent phases:

function out=gen8numbers_around Gaus(array)

n=length(array);

firsthalf=array(1:n/2);

secondhalf=array(n/2+1:n);

n_center=array,

n_east=cat(1,firsthalf,bi_plus one(secondhalf));

n_north=cat(1,bi_plus_one Gaus(firsthalf),secondhalf);
n_northeast=cat(1,bi_plus one Gaus(firsthalf),bi plus one(secondhalf));
n_west=cat(1,firsthalf,bi_minus_one(secondhalf));
n_south=cat(1,bi_minus one Gaus(firsthalf),secondhalf);
n_southwest=cat(1,bi minus one Gaus(firsthalf),bi minus one(secondhalf));
n_northwest=cat(1,bi_plus one Gaus(firsthalf),bi minus one(secondhalf));
n_southeast=cat(1,bi minus one Gaus(firsthalf),bi plus one(secondhalf));
out=cat(2,n_center,n_east,n north,n northeast,n west,n south,n southwest,n northwest,n southeast);
end

function out=bi_plus_one Gaus(array) % fliplr if row vector

% and flipud if column vector

a=array;

i=find(a==0, 1, 'first");

a(i)=1;

a(1:1-1)=0;

% out=a;

out=a,

end

function out=bi_minus_one Gaus(array) % fliplr if row vector

% and flipud if column vector

a=array;

i=find(a==1, 1, 'first");

a(1)=0;

a(l4-1)=1;

out=a;

end
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