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Introduction

Since the advent of the laser over thirty years ago, there has been sustained interest in the quest
to generate ultrashort laser pulses in the picosecond and femtosecond range. Over the last several
years progress has been spectacular. Pulses of ~10 fs [1] and below (a few optical cycle pulses) [2]
are now available directly from mode-locked titanium: sapphire lasers [3]. Even shorter pulses
down to 6 fs [4] have been generated by using nonlinear optical pulse compression techniques.
Turn-key femtosecond solid-state lasers are now commercially available; home-built as well as
commercial femtosecond lasers and amplifiers are now present in laboratories around the world.
This widespread access to femtosecond laser systems has accelerated the already considerable
interest in this technology for studies of ultrafast phenomena in solid-state, chemical and biological
materials, for generation and investigation of solid density plasmas, for fundamental studies of
extremely high intensity laser-matter interactions and for high brightness X-ray generation, as well
as for characterization of high-speed electronic and optoelectronic devices and systems, optical
communications, medical imaging, and other applications. In the relatively near term one can also
foresee the development of “practical”, power efficient femtosecond pulse systems, based either on
semiconductor diode lasers, doped fiber lasers, or diode-pumped solid-state lasers, which will
further extend the use of ultrashort pulses, particularly for commercial applications.

Femtosecond lasers constitute the world’s best pulse generators. However, many applications
will require not only optical pulse generators, but also ultrafast optical waveform generators, in
analogy with electronic function generators, which widely provide electronic square waves, triangle
waves, and indeed arbitrary user specified waveforms. Over the past decade powerful optical
waveform synthesis methods have been developed, which allow generation of complicated ultrafast
optical waveforms according to user specification. Coupled with the now widespread availability of
femtosecond laser systems, pulse shaping systems can potentially have a strong impact as an
experimental tool providing unprecedented control over ultrafast laser waveforms for ultrafast
spectroscopy, nonlinear optics, and high power amplification.

Many applications (such as multiphoton microscopy, nonlinear endoscopy) require also
methods for the delivery of ultrashort pulses via an optical fiber [5]. The high peak power makes it

difficult to deliver these pulses through conventional single mode fibers (SMFs) without pulse
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broadening caused by group-velocity dispersion (GVD) combined with self-phase modulation. To
overcome this problem, several types of optical fibers have been used.

From the other side the generation of pulse durations below 6 fs in the visible and near-infrared
spectral range make characterization of these pulses a demanding task. Many years it was possible
to generate ultrashort pulses but not to measure them. Although techniques such as spectrometry
and autocorrelation were available, they provided only a vague measure of a pulse. Conventional
autocorrelation techniques, which require the prior knowledge of the pulse shape, can be used to
determine rough estimates of the pulse duration. For a more precise measurement, a variety of
methods has been proposed allowing for a full reconstruction of pulse amplitude and phase from

measured data only [6].

Review of the literature

Ultrashort lasers are an important tool to probe the dynamics of physical systems at very short
timescales, allowing for improved understanding of the performance of many devices and
phenomena used in science, technology, and medicine. In addition ultrashort pulses also provide
high peak intensity and a broad optical spectrum, which opens even more applications such as
material processing, nonlinear optics, attosecond science, and metrology. There has been a long-
standing, ongoing effort in the field to reduce the pulse duration and increase the power of these
lasers to continue to empower existing and new applications.

Efforts to control the temporal structure of individual laser pulses are almost as old as the
pulsed laser itself. Femtosecond pulse shaping, pioneered by Heritage and co-workers over 15 years
ago [7], has found excellent application in fundamental and applied science. Pulse shaping is the
technique which controls the ultrashort pulse shape, and it became of great technological interest.
Pulse shaping allows us to create modified and complex waveforms of pulses from optical sources
of single pulse according to the user’s specifications. Femtosecond pulses have extremely short
duration, high peak power and large spectral bandwidth, so shaped femtosecond pulse is useful in
different types of applications.

Techniques for the precise synthesis and control of the temporal shape of optical pulses with
durations in the picosecond and subpicosecond regimes have been applied to diverse problems in,

for example, spectroscopy [8], microscopy [9], laser control of matter [10], laser pulse compression
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[11], telecommunications [12], and optical metrology [13]. To give a few examples, (sub-)
picosecond flattop optical pulses are highly desired for nonlinear optical switching [14] and
wavelength conversion applications [15], spectrotemporal imaging and time lens; picosecond
parabolic pulse shapes are of interest to achieve ultra-flat self-phase-modulation (SPM) — induced
spectral broadening in supercontinuum generation experiments [16]. The most commonly used
technique for arbitrary picosecond and sub-picosecond optical pulse shaping is based on spectral
amplitude and/or phase linear filtering of the original pulse in the spatial domain; this technique is
usually referred to as “Fourier- domain pulse shaping” [17]. Drawbacks associated with this
approach, including the need for a high-quality bulk-optics setup and limited integration with
waveguide devices for incorporation in fiber optics systems, have motivated research on alternate
solutions for optical pulse shaping. This includes the use of integrated arrayed waveguide gratings
(AWGS) [18], and fiber gratings (e.g. fiber Bragg gratings [19], or long-period fiber gratings [20]).
The main drawback of the fiber grating approach [19, 20] is the lack of programmability: a grating
device is designed to realize a single pulse shaping operation over a specific input pulse and once
the grating is fabricated, these specifications cannot be later modified. Recently, a new
reconfigurable optical pulse shaping technique [21] which is based on synthesizing the desired
output pulse shape by coherently combining a set of input pulse replicas with different time delays
(e.g. using concatenated two-arm interferometers) was demonstrated.

Liquid crystal spatial light modulators (LC-SLMs) have been extensively used for femtosecond
pulse shaping and nonlinear chirp compensation for the past ten years because of their flexibility for
adaptive computer programming control [22]. Although acousto-optic modulators [23, 24] can also
realize adaptive programming control as narrowband tunable filters and narrowband phase
modulators. Moreover, the throughput efficiency of the acousto-optic modulator decreases rapidly
with the increase of the spectral bandwidth, typically less than 10% over a 450 nm spectral width.
In addition, the several-centimetres-long acousto-optic crystal [25] cannot bear the high peak power
because of self-phase modulation, and the small aperture limits the achievable pulse energy, so it
can not be applied to high-energy few-cycle-to-monocycle optical pulses. On the other hand, the
LC-SLM has the advantage of a larger bandwidth, lower spatial dispersion, and higher efficiency
compared with the programmable acousto-optic modulator. Therefore it is extraordinarily suitable

for pulse shaping and nonlinear chirp compensation of an ultra-broadband octave-spanning spectra
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[26]. The LC-SLM paves the way for coherent synthesis of single-cycle optical pulses and coherent
control of atoms and molecules. Recently, 2.6 fs single isolated optical pulses, which contain only
1.3 optical cycle, were generated by nonlinear chirp compensation of the spectrum broadened by
SPM as well as induced phase modulation in an argon-gas-filled hollow fiber by using an LC-SLM
[27]. These are till now the shortest isolated optical pulses generated in the visible range, which
shows the powerful capability of phase modulation of the LC-SLM. More recently a UV-
transparent LC-SLM [28] was fabricated, and the UV pulses generated by frequency doubling of
the laser pulses from a Ti:sapphire amplifier were shortened to their near-Fourier-transform-limited
pulse duration through feedback chirp compensation [29], which means that the applicable spectral
range of the LC-SLM has been extended to the UV region.

Besides phase modulation, the LC-SLM has an application for arbitrary amplitude modulation
in the frequency domain to generate an arbitrary spectral shape. It can be used as a flexible band
pass filter to optimize the ultra-broadband spectrum generated by SPM by removing the fine
structure. Amplitude modulation using the LC-SLM is also very important in various fields such as
pump-probe experiments to study selective absorption of organic or biological molecules. The
ultra-broadband characteristics of the LC-SLM allow it to be applied for shaping few-cycle-to-
monocycle intense pulses for driving single attosecond pulse generation [30].

The pulse shape optimization, which is of major importance for most applications, requires a
precise, direct and reliable temporal characterization tool. The simplest and oldest pulse
characterization method is to measure the pulse spectrum with a spectrometer. Since this
measurement does not contain any information about the spectral phase, the temporal structure of
the pulse remains undetermined. The techniques revealing some of the temporal structure of
subpicosecond pulses are the intensity- and interferometric autocorrelations [31]. These techniques
have been the standard pulse diagnostics for decades and still find widespread use in most ultrafast
optics laboratories. Intensity autocorrelation comes in two different variants. In one variant, the
autocorrelation signal is superimposed on a constant background [32]. The second variant records a
background-free signal and therefore allows for a much higher dynamic range [31]. The first variant
is only mentioned for the sake of completeness. Today, the second variant is used nearly

exclusively.



For some analytic pulse shapes, a simple relation between the width of the autocorrelation
function and the width of the input pulse can be found [33]. In all these cases, however, it is
assumed that no or just a linear chirp is present on the pulse to be characterized. Since the
autocorrelation function only depends on the pulse intensity, very limited information on the phase
can be extracted. For example, assuming a linear chirp, the amount of chirp can be found by
comparing the independently measured spectral bandwidth with the actually measured pulse
duration. The sign of the chirp, however, remains undetermined. The intensity autocorrelation is
rather insensitive towards the pulse shape. One should therefore restrict the application of intensity
autocorrelation to cases in which the pulse shape is known a priori or in which only a rough
estimate for the pulse duration is desired. Such a priori knowledge of the pulse shape is available,
for example, for a wide range of passively mode-locked lasers with pulse durations well above 10 fs
[34].

If two different instead of two identical pulses are correlated in a setup, one obtains an intensity
cross-correlation trace (often simply referred to as cross-correlation). Cross-correlation of a short
pulse with a replica that has propagated through a piece of glass with known dispersion was used
together with an independently measured spectrum for an iterative pulse shape and phase
reconstruction [35].

Another version of autocorrelation is interferometric autocorrelation, this time the two pulse
replicas interact collinearly in the nonlinear medium. Interferometric autocorrelation contains more
information than the intensity autocorrelation. Due to the interference terms it also reveals some
information about the phase of the pulse. Additionally, the interferometric autocorrelation is more
sensitive to the pulse shape than the non-interferometric one [36].

The fundamental quantity describing an ultrashort optical pulse is its real electric field. At
optical frequencies, however, there exist no detectors capable of directly measuring the oscillating
field. All detectors in the optical regime are energy detectors. The fastest electronic detection
devices have response times on the order of one picosecond for photodiodes and of about 500 fs for
streak cameras [37]. This is about two orders of magnitude longer than state-of-the-art optical
pulses [38]. Therefore, all pulse characterization schemes have to rely on slow detectors. The
solution to this measurement problem is to pass the pulses through filters of known response and

record the average output energy with a slow detector as a function of the filters' parameters [39].
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This is the basic idea behind all known pulse measurement devices. Based on the actual
arrangement of the filters amplitude and phase characterization schemes have been divided into
three classes: the spectrographic, the tomographic, and the interferometric techniques [39].

The interferometric methods are referred to as direct methods. Whereas the spectrographic and
tomographic techniques require the acquisition of a relatively large two-dimensional set of data, the
interferometric methods allow the reconstruction of the pulse from one-dimensional data if a train
of identical pulses is assumed. In addition, this reconstruction procedure is generally non-iterative
in nature.

New methods developed for amplitude and phase characterization, such as FROG [40-42],
SPIDER [49], SORBETS [54] and SPIRIT [56, 57], have also been used for ultrafast pulse
characterization.

In 1991 Kane and Trebino introduced the Frequency-Resolved Optical Gating (FROG)
characterization method based on the measurement of a spectrally resolved autocorrelation signal
followed by an iterative phase retrieval algorithm to extract the intensity and phase of the laser
pulse [40-42]. FROG has been used for pulse durations from few femtoseconds to several
picoseconds and for pulse energies ranging from the nJ- to the mJ-regime. Except one, all of the
FROG techniques use an autocorrelator-like experimental setup measuring the spectrally resolved
signal resulting from the interaction of two input pulse-replicas in a nonlinear medium for a series
of different relative delays between the pulses. Transient grating FROG employs three interacting
beams, but this variant is a rather uncommon implementation of FROG.

FROG based on second-harmonic generation (SHG-FROG) is possibly the most widely used
FROG beam-geometry [43]. The signal recorded in SHG-FROG corresponds to a spectrally
resolved intensity autocorrelation. SHG-FROG is the most sensitive FROG method and is the only
one that can be easily applied to the characterization of unamplified pulses.

In the conventional non-collinear SHG-FROG, the finite beam-crossing angle between the two
pulse replicas is the most important fundamental constraint on the achievable temporal resolution of
the apparatus. In the sub-10-fs range, two serious problems with the FROG technique arise. The
first is bandwidth limitation of the optics and the detection system involved, in particular the
bandwidth limitation of the SHG process. This problem is reduced by using extremely thin

nonlinear optical crystals. In contrast to autocorrelation, FROG allows us to correct for bandwidth
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limitations to a certain extent. With this correction, measurements of 4.5-fs pulses have been
successfully demonstrated [44]. Still, particular care has to be given to the accurate determination of
the spectral calibration of the setup. The second more fundamental limitation is the reduction of
temporal resolution caused by the finite beam-crossing angle in the nonlinear crystal.

Another class of modified FROG techniques measures the spectrally resolved cross-correlation
between two different pulses. This class of methods is generally referred to as cross-correlation
FROG (XFROG) [45, 46]. Although cross-correlation-like measurements can also be performed
using higher-order nonlinearities, XFROG is usually based on second-order nonlinear interactions.
Typically, one of the two cross-correlated pulses (the “reference” pulse) is significantly stronger
than the second pulse (the “signal” pulse). Therefore, the use of second-order nonlinearities is
dictated by the need for high sensitivity in order to measure weak signal pulses. The main
advantage of XFROG is that the reference pulse is not required to spectrally overlap with the signal.
XFROG has been demonstrated using sum-frequency generation as well as difference-frequency
mixing. In contrast to normal FROG, XFROG even allows to spatially resolve the pulse shape of
the signal beam. In principle, it is possible to simultaneously reconstruct both cross-correlated
pulses from a single XFROG trace. In practice, however, this dual reconstruction algorithm is not
very robust and requires an excellent signal-to-noise ratio.

One problem with using the FROG technique in the sub-10-fs regime is the extremely wide
bandwidth associated with such short pulses. Strong spectral sensitivity dependence effectively
reduces the dynamic range of the detection system and may lead to increased noise in the spectral
wings. The FROG traces are not very intuitive. Usually, a simple visual inspection of the FROG
trace is not sufficient to determine the type of phase distortions present on a pulse.

Spectral interferometry (SI) for pulse complete characterization has first been proposed by
Froehly et al [47, 48]. The beam is split into two. Along one path, the beam acquires a spectral

phase ¢, (), whereas the other beam acquires ¢, (). At the end of both paths, the two beams are

collinearly recombined and sent into a spectrometer. The spectrometer measures the coherent
superposition of the two electric fields with a square-law detector. Thus, one yields for the detected

signal

I, (a)): |E1(a))+ Ez(wlz = (El(a))+ E, (a)))(El(a))+ E, (a)))*
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And with some simple algebra

Iy (@)=|E (@) +|E, (@) +2[E,(0)E, (@) cos(p, (@) @, (o))

As can be seen, only the relative phase between the two interferometer arms appears in the
interference term. If one is interested in the phase of one specific arm, the phase in the other arm
has to be known. The interferometer arm with the known phase is referred to as the reference arm.
For most experiments, one is only interested in the second and higher order dispersion contributions
to the spectral phase. The knowledge of the reference phase can then be obtained either by keeping
the amount of dispersion in the reference arm at a negligible level or by measuring the phase with a
self-referencing measurement technique. The two beams in the spectral interferometry apparatus do
not necessarily have to originate from a single initial beam. The only requirement is mutual
coherence between the two interferometer arms. The maximum relative phase variation that can be
measured with spectral interferometry is limited by the spectral resolution of the spectrometer. The
range of applications for spectral interferometry is further limited by the requirement that the phase
differences can only be extracted in the region of spectral overlap between the two interfering
spectra. There are various methods for the extraction of the phase information from a spectral
interferogram.

Spectral phase interferometry for direct electric-field reconstruction (SPIDER) is one of the
most recent techniques for amplitude and phase characterization of ultrashort optical pulses [49].
SPIDER is a self-referencing variant of spectral interferometry. Conventional spectral
interferometry measures the spectral phase differences between two pulses [47]. To access the
spectral phase of a single pulse, SPIDER generates a spectral shear between the carrier frequencies
of two replicas of this pulse. The phase information of the resulting interferogram allows the direct
reconstruction of the spectral phase of the input pulse. With an independent measurement of the
pulse spectrum one obtains the temporal structure of the pulse by a Fourier transform.

The idea of generating a spectral shear between two identical pulses to enable self-referencing
spectral interferometric measurement of the phase of the input pulse was initially proposed for a
technique named spectral shearing interferometry [50]. In this method an active phase modulator
was used to provide the necessary spectral shear between the two pulse replicas. However, no active

modulators exist, which are fast enough to provide the amount of spectral shear required for
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measuring femtosecond pulses. The underlying concept of the SPIDER technique is the same as for
spectral shearing interferometry. These two methods only differ in the way the shear is generated.
Therefore, SPIDER can be understood as a variant of spectral shearing interferometry.

In SPIDER the spectral shear is generated by up conversion of the two replicas with a strongly
chirped pulse using sum-frequency generation in a nonlinear optical crystal. It is convenient to
directly derive the chirped pulse from the pulse to be measured by a dispersive element. The up-
converter pulse has to be stretched in such a way that its instantaneous frequency can be considered
constant for the duration of the pulse to be measured. Being separated by a delay = much longer
than the pulse duration, the two replicas are up converted by different portions of the chirped pulse
with different frequencies. The resulting spectral interference pattern of the up converted short pulse

replicas is of the form
S(w)= ‘E(a))‘z + ‘E(a) + 5@X2 + Z‘E(a))E(a) + &o){ x cos|g(@ + dw) - (@) + 7]
where E(a)) is the frequency-domain representation of the electric field, ¢(a)) the spectral phase of

the input pulse, @ denotes the angular frequency and dw the spectral shear. The phase information
contained in the cosine term can be extracted by a non-iterative, purely algebraic method. The
constant delay 7 is determined once by spectral interferometry of the two short-pulse replicas.
After subtraction of the linear phase term w7, one obtains the spectral phase ¢(a)) at evenly spaced
frequencies o, = w, +ix dw by adding up the phase differences ¢(w, + dw)- ¢(w,) (n =0...i -1).
In the final step, the complex frequency domain representation of the electric field of the pulse is
obtained from the reconstructed spectral phase and an independent measurement of the power
spectrum. Temporal profiles are obtained by Fourier transforming these results. Because of the high
speed of this algorithm and the fact that a single spectral measurement is sufficient to obtain the
spectral phase, SPIDER can be operated at very high update rates.

SPIDER is an intrinsically fast technique. It requires acquisition of only two spectra and the
pulse reconstruction consists of two Fourier transforms executed in the fraction of a second on a
modest computer. SPIDER has been demonstrated for real-time single-shot characterization of a 10-
Hz amplifier system and with update rates as fast as 20-Hz for a 1 kHz amplifier system [51].
SPIDER is particularly well suited for sub-10-fs pulse characterization for several reasons. In this

regime, a short piece of a highly dispersive glass is sufficient for the generation of the strong chirp
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of the up converter pulse. Use of sum-frequency mixing results in a more economic use of detection
bandwidth, compared to SHG-based techniques. SPIDER allows for fast acquisition and its spectral
phase reconstruction is insensitive to spectrally varying detection and conversion efficiencies.
Another attractive feature of SPIDER is its simple non-iterative pulse reconstruction procedure.

A version of SPIDER that allows acquiring the fundamental pulse spectrum and the SPIDER
interferogram in a single shot with a single spectrometer was demonstrated also [52]. For this
purpose, the spectrometer was set to the second diffraction order of the SPIDER signal that
coincides with the first diffraction order of the pulse spectrum. This technique is called HOT-
SPIDER.

Another variant of SPIDER, a spatially-resolved SPIDER, allows for spatially resolved
measurements of the pulse shape across the input beam [53].

SPIDER can be extended in a straightforward way to perform spatially resolved
characterization of the input beam. No fundamental limitations of the SPIDER technique are known
even for the characterization of spectra covering a full octave.

Superposition of optical radiations and beatings to extract the time signal (SORBETS) method
is based on the superimposition of two slightly shifted replicas of the spatial representation of the
pulse spectrum [54]. In this method, the beating signal due to the superimposition of the two spectra
is recorded at each point of the spectrum. Knowledge of the phases of the beating signal allows to
reconstruct the unknown spectral phase. An additional measurement of the spectral intensity leads
to the complete characterization of the pulse. This setup does not involve any nonlinear optical
process. They generate the beating signals of lower frequencies, so that these signals are easily
recorded by fast linear detectors, thus avoiding the nonlinear step. A simpler one-step scheme is
adopted, in which the beating signal is created at each point of the spectrum. The spectrometer was
modified, so that two images of the spectrum are present in the Fourier plane, superimposed on the
same line with a slight spatial shift. This spatial shift can be chosen as small as it is necessary. As a
result, the frequency of the beating signal can be chosen small enough to resolve temporally the
signal with an electronic detector.

The validity of the method was first demonstrated on a train of pulses with a repetition rate of
2.78 GHz. The setup that they used would be particularly suited to fully characterize ultrahigh

repetition rate trains of identical pulses, at repetition rates below 50 GHz. This method could
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efficiently be integrated in a setup to characterize, in amplitude and phase, the devices that are used
in ultrahigh-speed telecommunication systems. A second demonstration of the same measurement
scheme was performed on a single pulse, using a streak camera with a resolution of 10 ps.

Recently a similariton-based self-referencing method of spectral interferometry for the
complete characterization of femtosecond signals was proposed [55]. In this method of similariton-
based Sl, the part of signal is injected into a fiber to generate the nonlinear-dispersive similariton-
reference. The residual part of the signal, passing an optical time delay, is coupled with the
similariton in a spectrometer. The spectral fringe pattern, on the background of the signal and
similariton spectra, completely covers the signal spectrum, and the whole phase information
becomes available for any signal. The known spectral phase of the similariton-reference allows to
retrieve the signal spectral phase, and by measuring also the signal spectrum, to reconstruct the
complex temporal amplitude of the signal through Fourier transformation. Thus, the method of
similariton-based Sl joins the advantages of both the classic SI and spectral shearing interferometry,
combining the simplicity of the principle and configuration with the self-referencing performance.

Spectral interferometry resolved in time (SPIRIT) [56, 57] is a new technique that is capable of
direct electric-field reconstruction that is not case sensitive, is fast, can be applied to single as well
as to repetitive pulses, and offers a large degree of freedom. Like SPIDER and SORBETS, SPIRIT
is based on spectral shearing interferometry. SPIRIT and SORBETS use geometrical shearing of
two spatially dispersed twin spectra rather than shearing of their carrier wavelengths as in the case
of SPIDER. The first published version of SPIRIT was only suitable for the characterization of high
repetition rate trains of identical pulses. It involved a moving element and required relatively long
measurement procedure that lasted several seconds. Later the new configuration of SPIRIT that can
be used for repetitive pulse detection as well as for single shot measurement was demonstrated. A
two-dimensional interferogram development, 2D-SPIRIT, offers a direct and intuitive
characterization of short pulses [58].

Fiber optic delivery of femtosecond laser pulses is attractive due to several reasons. Fiber
delivery enables pulse delivery at places difficult to reach using conventional mirrors and lenses
such as in endoscopic multiphoton microscopy [59], which is an emerging medical diagnostic tool
for in-vivo imaging [60]. The key challenge in a fiber-based pulse delivery for Ti:Sapphire

femtosecond lasers are the dispersive and nonlinear properties inherent to fiber technology.
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The nonlinearity and normal GVD of standard optical fibers at 800 nm restrict fiber delivery of
100-fs pulses to energies of ~20 pJ. This is less than 1% of the pulse energy for a standard

Ti:sapphire laser and is uselessly low for many applications. A 1-nJ pulse is severely distorted after
propagation through 1m of fiber. The natural length scale associated with dispersion is L, =z / 3,
(where z, is the pulse half-duration at the 1/e level of the intensity for Gaussian pulses, and g, is
the GVD parameter). Because the temporal broadening is caused by the different spectral
components travelling at different phase velocities, it is useful to recognize that L, ~1/Aw?,

where Aw is the pulse bandwidth: a pulse with a larger bandwidth is affected more by dispersion.

L, for 100-fs pulses propagating through standard fiber (single-mode fiber at 800 nm) is roughly 9
cm. The nonlinear length is defined as L, = [(a)/c)nzl ezk ]’1, where n, is the nonlinear refractive

index and 1, is the peak intensity of the pulse. For 100-fs pulses, at 800 nm and with energy of 1

pea

nJ, Ly, ~ 1.3 cm. Thus, L, /L, ~ 7, so nonlinearity initially dominates. The spectrum broadens

significantly in the first few centimeters of fiber, after which GVD becomes the dominant effect.
The pulse broadens, and the peak power drops proportionally. As a result, the propagation is nearly
linear for all but the first few centimeters. The pulse at the output of a meter of fiber is broadened
spectrally and temporally compared with the input and has an approximately linear frequency chirp.

To date, avoiding nonlinearity as much as possible has produced the best results for fiber
delivery of 100-fs pulses from Ti:sapphire lasers. A large negative linear frequency chirp is
imposed on the pulse (by the use of gratings or prisms), which increases the pulse duration to
several picoseconds. Propagation through fiber with normal GVD restores the pulse to nearly the
original duration; there is no attempt to compensate for nonlinear effects. This pre-chirping
approach works reasonably well at low energies, but even with 20-pJ pulses substantial distortion
occurs in the unavoidable nonlinear propagation at the end of the fiber, where the pulse is
recompressed to some extent. When a negatively chirped pulse propagates in a medium with a
positive nonlinear index of refraction, self-phase modulation compresses the spectrum and thus
increases the pulse duration [61].

Several interesting fiber delivery schemes have been demonstrated in literature. The first

approach concerns the normal dispersive fibers such as traditional large mode area (LMA) fibers,

-15-



microstructured endlessly single mode LMA fibers, and higher-order-mode (HOM) fibers [62].
They have either large mode fields (equivalent to a large effective area) or high dispersion to

operate in a regime where L, <<L,,, hence reducing the impact of nonlinear effects. However,

since they are normal dispersive, they all require pre-chirping to provide a Fourier transform limited
output at the end of a fiber delivery. Usually this is done by bulk optic gratings or prisms or
combinations. A second category of potential delivery fibers are air-guiding fibers, which have a

small n, in order to minimize the effect of nonlinearities and to enable high power applications.

These are the so-called hollow core photonic band gab (PBG) fibers with anomalous dispersion [63]
and chirped photonic band gab (CPBG) fibers with zero dispersion and zero dispersion slope [64].
Although both fiber types are intriguing due to a large nonlinear length they do have critical
drawbacks such as a large positive dispersion slope and high transmission loss, respectively. When
implementing such fibers in fiber deliveries one is forced to compromise on the system performance
in terms of fiber length.

SMFs and single-mode photonic crystal fibers (PCF) have been successfully demonstrated for
use in the imaging system. In standard SMFs, near-infrared femtosecond pulses are severely
broadened because of chromatic dispersion and, in particular, power-dependent nonlinear effects,
which become significant at pulse energies as low as 0.1 nJ [65]. Efficient multiphoton excitation,
however, requires both high peak power and short pulse widths. In addition, single-mode
propagation is necessary to preserve a spatial beam profile suitable for diffraction-limited focusing.
However, in order to satisfy the single-mode condition, the core diameter of the step-index SMF is
limited to ~5 um. Relatively small-sized core makes SMF susceptible to generating nonlinear
effects, e.g. SPM, which will reshape the spectra of laser pulses. SMF fiber was first tried for two-
photon endoscopy, but it was demonstrated that such an endoscopy system has a low signal level
because of the low numerical aperture (NA), the chromatic dispersion, and the nonlinearity [66].
The high peak power, about 10 kW, makes it difficult to deliver these pulses through conventional
SMFs without pulse broadening caused by SPM and GVD [61]. To overcome this problem,
researchers have used specialty fibers, such as hollow-core photonic bandgap fibers [67] and LMA
fibers [68], but they are not readily compatible with standard optical components and are much

more expensive than standard SMF. Pulse pre-chirping and post-chirping have been proposed to
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mitigate the nonlinear distortion in standard SMF [69]. However, this scheme adds complexity and
works best with a relatively short, predetermined, fiber length. Furthermore, because of strong
chromatic dispersion of silica at wavelengths below 1 pm, it is nontrivial to transmit even low
energy pulses over several meters of standard SMF.

Since their inception in the early 1990s, PCFs have revolutionized fundamental research on and
development of optical fibers [70]. These PCFs, which are radically different from standard step-
index fibers, are now becoming commercially available with great promise for providing highly
flexible, easy-to-handle single-mode fibers suitable for high-energy pulse delivery. The superiorities
of PCFs, such as endless single mode operation, dispersion engineering, and high nonlinearity have
led to a broad range of applications, including the development of high-power fiber lasers [71]. In
addition, double-clad PCFs made of pure silica have attracted research in biosensing and
bioimaging to improve the system efficiency because of their dual function of single-mode and
multimode delivery through the central core and the inner cladding region of high NA, respectively
[72]. The detection efficiency of the nonlinear optical microscopy system based on the double clad
PCF is approximately 2 orders of magnitude higher than that based on a standard SMF [72].
Although the dual function of the double-clad fiber makes miniature and flexible microendoscope
probes possible, a further compact imaging system could be achieved by use of a multiport fiber
coupler to achieve self-alignment and replace bulk optics for an all-fiber microscopy system [73].
Although the core diameter of PCF is larger than SMF (e.g. ~16 um for large mode area PCF), the
NA of PCF is usually small (e.g. ~0.06 for large mode area PCF) and, thus, results in difficulty and
instability of laser coupling as well as small coupling efficiencies (< 30%) [74]. To address these
issues, multimode fibers (MMF) may be a good candidate for delivery of ultrafast pulses for
imaging. Compared to SMFs and PCFs, step-index MMFs have larger core diameters, larger NA,
and larger coupling efficiency.

Solid core fibers, such as graded index multimode fiber or high order mode fiber, have been
experimentally proven capable of merely nanojoule pulse energy capacity in the ultrashort pulse
regime. The salient feature is the small area (about 1000 pm? or less) of the confined mode within
the glass fiber core. The resultant high peak irradiance yields unrecoverable pulse distortion due to
SPM or catastrophic damage from dielectric breakdown. Attempts to further expand the mode area

have yielded severe multiple mode cross-coupling and distortion, and extremely high loss as a result
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of weak mode confinement in low NA waveguides. Thus alternative optical fiber formats, such as
hollow core waveguides, appear to be the most viable option for delivery. When the waveguide core
comprises a gas at low to moderate pressure, the pulse train propagates with a much weaker
nonlinear interaction. At atmospheric pressure, the nonlinear refractive indices (n,) of air, argon,
and helium are respectively ~4x10% m%/W [75], ~1x10% m*W [76] and ~4x10% m%/W [76].
These nonlinear refractive indices are three orders of magnitude weaker than a silica solid core with
n,~2.4x10% m?W [77]. Owing to the higher ionization potential and lower nonlinear refractive
indices of argon and helium compared with that of air, pulses delivered through helium- and argon-
filled hollow core photonic band-gap fibers (HC-PBGF) will experience lower nonlinear effects and
higher damage threshold.

Hollow core waveguides have included metallic inner-surface fibers (capillaries) as well as HC-
PBGF. Metal coated, hollow core fibers and capillaries have been utilized for infrared laser delivery
where the guided mode diameter is fundamentally large, e.g. at the CO2 laser wavelength of 10 um,
or when multimode interference is not detrimental to the application. For near-infrared lasers
neither of these conditions holds true. The requisite single mode propagation would require scaling
the hollow core diameter down to a size that inhibits metal deposition on the inner surface. Near-
infrared, single mode metallic hollow core fiber simply cannot be manufactured with current
methods. Hollow core plastic one-dimensional (1D) Bragg fibers have shown their high potential
for spatially and temporally distortion-free transmission of high peak power pulses. Nonetheless,
due to fabrication complexities, it has been challenging for plastic Bragg fibers to achieve the low
transmission loss domain of glass hollow core fibers. In these HC-PBGFs, SPM and other
deleterious effects can be reduced by more than 1000 times as compared to solid core fibers, and
delivery of microjoule level laser pulses has been demonstrated [78]. However, standard photonic
bandgap hollow-fiber concepts provide guiding in relatively small wavelength bands that are
inevitably accompanied by hard-to-compensate odd-order dispersion contributions [79]. The
shortest pulse duration delivered with such standard hollow fibers with their constant cell size
amounts to 170 fs at energy of 4.6 nJ [80]. To overcome the detrimental dispersion properties of
standard hollow-core fibers, chirped photonic crystal fibers (CPCFs) [81] were recently
demonstrated as an alternative, allowing for 25 fs pulse delivery over meter distances without the

need for any further dispersion compensation measures.
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Unsolved problems: Thus, successes of laser techniques in the field of generation of ultrashort

pulses are conclusive. The researches directed to the management, control and registration of
parameters of pulses are essentially advanced also. However, it is necessary to note, that the current
stage of development of ultrafast optics and laser technologies imposes new, high requirements to
the methods of signal processing and delivery. It stimulates intensive studies in the mentioned
above directions with the purpose of research of the new physical approaches to the problems of

high laser technologies. There are numerous of the important unsolved problems at the present stage

of researches in these directions. Particularly:

» Despite the existing fiber delivery schemes, there are no schemes with simple and non-
expensive solution for optimized and flexible dispersion compensation.

* High potential of spectral interferometry, makes demanded its improvements-modifications-
extensions directed to increasing of accuracy and sensitivity of measurements and enlargement
of the range of its applications.

e With the achievement of few-cycle femtosecond pulses the necessity of pulse complete

characterization methods in this timescale became a demanded task.

Objectives of the work: The importance and practical significance of researches in the given

directions together with a number of unsolved problems have defined the theme and the purpose of

the work, including numerous important physical problems connected with signal processing and

delivery. In particular:

« Experimental studies of nonlinear-dispersive self-interaction of pre-chirped pulses in view of
shaping of transform-limited flattop pulses.

» Spectral interferometric investigations for femtosecond pulse complete characterization in view
of development of new effective dispersive delay lines.

» Studies of pulse nonlinear-dispersive self-interaction in the fibers, for the pulses pre-chirped in
the grisms, in view of development new effective methods of fiber delivery, for contemporary
endoscopy.

» Studies of potential of spectral interferometry in view of development new, effective methods
for complete characterization of a few optical cycle pulses.

» Investigations of femtosecond pulse shaping with new programmable spatial light modulators.
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In the work, the basic method of studies was the physical experiment in conjugation with the
numerical modelling of the processes under study.

This work consists of the introduction (including the review of the corresponding literature),
three chapters, conclusion and the list of the literature. The work consists of 117 pages, including 52

figures and the bibliography containing 148 names.

In the introduction the urgency of the theme is proved, the review of the literature is presented

and the purpose of dissertational work is formulated. In the end of the introduction the structure of
the thesis, its summary, scientific novelty, the practical significance, statements to be defended, and
the list of publications are presented.

Chapter 1 describes several methods for femtosecond pulse syntheses. A new dispersive delay
line (DDL) based on prism-lens spectrometer is experimentally demonstrated. In comparison with
traditional dispersive delay lines it has a compact and simple design, which is independent of the
dispersive force. Only changing of one lens allows us to tune dispersion easily and significantly, as
well as to change the dispersion sign. It is also important that new dispersive delay line is applicable
for picosecond pulses due to the compact design. The setup consists of dispersive prism, lens for
spectrum imaging in the focal plane, high-reflective mirror, and another lens as a phase mask. In the
experiment, we use lenses with different focal lengths, i.e. we give to the pulse different parabolic
phases. Collecting or diverging lenses were used to induce negative or positive chirps, respectively.
To register the dispersion induced, we carried out spectral interferometric and autocorrelation
measurements. We spectrally interfere the formed pulse with the initial laser pulse to determine the
spectral phase induced. Our proposed dispersive delay line allows to shape pulses with various
shapes. In the second part of this chapter we report on our experimental study of the dispersive
regime of spectral compression, and particularly on the case of maximal spectral compression,
when the combined impact of Kerr-nonlinearity and group velocity dispersion of single mode fiber
(SMF) shape the transform limited rectangular pulses. We demonstrate ~3 times spectral
compression of 100 fs pulses. By means of spectral interferometric measurements, we completely
characterize these pulses. Numerical simulations and experiments show that ultrashort pulses with
the rectangular envelope are formed when the relation DDL/SMF~2 takes place. Our results of

pulse complete characterization obtained by spectral interferometry are in a good agreement with
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the numerical simulations. An innovative and simplified direct space-to-time pulse shaper is also
proposed. 2D liquid crystal spatial light modulator (SLM) acts as a pulse stretcher and amplitude-
phase modulator. Accurate and simultaneous control of amplitude and phase is demonstrated.

In Chapter 2 we report a very compact system for femtosecond pulse fiber delivery from wide-
band laser sources. We present the direct delivery of compressed ultrashort (sub-30 fs) nanojoule
pulses at 830 nm through a large mode area photonic crystal fiber (LMA). Pulse fiber delivery pre-
dispersing technique is developed, using LMA fiber and grism line. Simultaneous control of second
order dispersion (SOD) and third order dispersion (TOD) is realized by compact grism line. 17.8 fs
nanojoule pulse at the output of 2.7 m LMA fiber is demonstrated. Comparison between LMA
fibers and standard SMF fibers is also discussed. Finally in the last part of this chapter SLM-based
fiber delivery scheme is proposed. The capability of the SLM to generate arbitrarily shaped pulses
is also illustrated.

Chapter 3 describes new methods for femtosecond pulse characterization. We experimentally
propose a new method of real-time time-to-frequency conversion through aberration-free temporal
lensing by sum frequency generation process. This all-optical time-to-frequency imaging allows
direct, real-time pulse characterization in femtosecond time-scale. The new method is free of
demand to differentiate the signal and reference radiation, self-referencing and aberration-free by
self-shaping of nonlinear-spectronic reference pulse. We also present the experimental scheme of
Wideband SPIRIT (Spectral Interferometry Resolved In Time), a method for the measurement of
ultrashort and wideband pulses based on spectral interferometry. We report experimental results
dealing with the characterization of few-cycle pulses. Third order dispersion measurement has been

also possible with proposed system.

In the conclusion the basic results of the thesis are formulated.

Scientific novelty: In the result of our experimental studies (conjugated with the numerical

modelling), the following new and original results are obtained to solve the urgent problems of
ultrafast optics and photonics, particularly for signal processing and delivery:
» The capability of spectral interferometry for pulse complete characterization of sub-picosecond

pulses is demonstrated for dispersively stretched and chirped pulses in the scheme of standard
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spectrometer, and also for Fourier transform rectangular pulses shaped in the dispersive regime
of spectral compression.

It is shown that a laser, grism line and large mode area fiber, can serve as an effective
femtosecond pulse delivery system. The delivery of 17.8 fs nanojoule pulse through 2.7 m large
mode area fiber, by relevantly pre-chirping the pulses at the entrance, is experimentally
demonstrated.

A new programmable direct space-to-time femtosecond pulse shaper using phase-only liquid
crystal spatial light modulators is demonstrated.

Wideband SPIRIT, a new scheme of time resolved spectral interferometry, as a method for the

measurement of few-cycle wideband pulses is experimented.

Practical significance: Studies carried out in the work expand understanding about ultrashort

pulse processing and delivery on femtosecond timescale. Obtained results can be useful for

development of new effective methods and devices for ultrafast optics and laser physics.

Particularly:

A compact and simple dispersive delay line for ultrashort pulse shaping, with the possibility to
induce both negative and positive dispersion is experimentally demonstrated.

An effective dispersive regime of spectral compression, when rectangular Fourier transform
pulses are shaped, along with the achievement of maximal spectral compression ratio, is
experimentally demonstrated, applying the spectral interferometry method of ultrashort pulse
complete characterization.

For femtosecond pulse delivery, a compact stretcher, which consists of a pair of grisms, and
large mode area fiber compressor, is proposed and experimented.

A new, simple and compact direct space-to-time femtosecond pulse shaper, with a single,
programmable liquid crystal spatial light phase modulator (phase-only SLM) instead of grating
and mask, is demonstrated experimentally.

A new scheme of time resolved spectral interferometry (wideband SPIRIT), for complete
characterization of few-cycle optical pulses, has been experimentally demonstrated. The
capability of the new SPIRIT scheme to easily provide the data as a sonogram, which enables an

intuitive representation of the pulse’s dispersion, is demonstrated.
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Defending statements

1. Pulse relevant chirping at the input of LMA fiber, by dispersion management of the grism line,
leads to the achievement of 18-fs pulse duration at the output of the fiber delivery scheme:
consisting of grism line and LMA fiber.

2. A transverse modulation of a beam reflected from the diffraction grating under the Littrow
condition leads to the pulse temporal modulation on the pico-femtosecond timescale and thus
provides a way for space-to time conversion and for the ultrashort signal temporal shaping.

3. Self-interaction of negatively pre-chirped sub-picosecond pulses in fibers, due to the combined
impact of Kerr-nonlinearity and group velocity dispersion, results in shaping of flattop,
“rectangular” Fourier-transform pulses on the 100-femtosecond timescale.

4. Spectral interferometric information obtained via SPIRIT (Spectral Interferometry Resolved in
Time) permits to completely characterise the few-cycle pulses (8 fs) and thus carry out temporal

measurements on the few-femtosecond timescale.
Experimental works presented in this work are done at Yerevan State University and at
University of Limoges. The scientific supervisors of the thesis are Prof. Frederic Louradour and

Prof. Levon Mouradian.

List of publications related to the work

1. M.AKalashyan, K.H.Palanjyan, T.J.Khachikyan, T.G.Mansuryan, G.L.Yesayan,
L.Kh.Mouradian, "Prism-Lense Dispersive Delay Line", Tech. Phys. Lett. 35 (3), 211-213
(2009).

2. M.Kanamsia, K.Ilamanmxsa, I'.Ecasn, JI.Mypaasua “/lucriepcuoHHasi JUHUS 3aJepPKKH Ha
ocHoBe (ypbe cunte3a” VIII XapkiBcbka KOH(eEpeHIlis MOJOANX HayKoBLIB «Paniodizuka ta
eIIeKTpoHiKa, 6iodiszukay 25-27.11.2008, 117. (2008).

3. M.A.Kalashyan, K.A.Palandzhyan, G.L.Esayan, L.Kh.Muradyan, "Generation of transform-
limited rectangular pulses in a spectral compressor" Quantum Electron. 40 (10), 868-872

(2010).

-23-



10.

11.

12.

K.Palanjyan, M.Kalashyan, G.Yesayan, L.Mouradian “Synthesis of Fourier Transform
Rectangular Pulses in the Process of Spectral Compression”- Proc. Conf. Laser Physics-2008,
150-153 (2009).

K.Palanjyan, M.Kalashyan, G.Yesayan, L.Mouradian “Spectral Interferometric Characterization
of Spectral Compression: Dispersive Regime,” Proc. 4th Int. Conf. on Advanced
Optoelectronics and Lasers 2008 (CAOL-2008), 428-430 (2008).

T.Mansuryan, M.Kalashyan, J.Lhermite, V.Kermene, A.Barthelemy, F.Louradour "Compact
direct space-to-time pulse shaping with a phase-only spatial light modulator", Optics Letters, 36
(9), 1635 (2011).

T.Mansuryan, M.Kalashyan, J.Lhermite, A.Barthélemy, V.Kermene, F.Louradour "Direct
Space-to-Time Femtosecond Pulse Shaping based on 2D Phase-Only Spatial Light Modulator",
CLEO/Europe-EQEC 2011, paper CF.P.26 (2011).

C.Lefort, M.Kalashyan, D.Peyrot, T.Mansuryan, L.Mouradian, F.Louradour, A.Barthélemy
“Pulse Compression and Fiber Delivery of Sub-30 fs Nanojoule Pulses at 830 nm” CLEO/USA
2011, CWR4 Ultrafast Pulse Generation Il session (2011). / "Dispersion Compensation with a
Grism-based Dispersive Line for Fiber Delivery of Sub-30 fs Pulses at 830 nm", CLEO /
Europe-EQEC 2011, CD.P.4 (2011). / M.Kalashyan, C.Lefort, L.Martinez-Leon, T.Mansuryan,
L.Mouradian, F.Louradour “Ultrashort pulse fiber delivery with optimized dispersion control by
reflection grisms at 800 nm”, Opt. Express 20, Iss. 23, 25624-25635 (2012).

T.Mansuryan, A.Zeytunyan, M.Kalashyan, G.Yesayan, L.Mouradian, F.Louradour,
A.Barthélémy "Parabolic temporal lensing and spectrotemporal imaging: a femtosecond optical
oscilloscope”- J. Opt. Soc. Am. B 25, A101-A110 (2008).

A.Zeytunyan, M.Kalashyan, G.Yesayan, L.Mouradian, F.Louradour, A.Barthélémy,
"Similariton-based spectral interferometry for femtosecond signal characterization", European
Conference on Optical Communication 2011 (ECOC’11), 978-1-4577-1918-9 (2011).
M.A.Kalashyan “Wideband SPIRIT for characterization of few-cycle femtosecond pulses”,
Armenian Journal of Physics 5/2, 81-85 (2012).

L.Martinez-Leon, T.Mansuryan, M.Kalashyan, J.Lhermite, F.Louradour, Ch.Hazera, S.Petit,
E.Cormier, A.Barthélémy "Complete Measurement of 8 fs Pulses with Wideband SPIRIT",
CLEO/Europe-EQEC 2011, paper CF.P.17 (2011). / "Characterization of 8 fs pulses through

-24-



wideband  SPIRIT", 10th  Euro-American = Workshop on Information  Optics,
10.1109/WI0.2011.5981475 (2011).

Patents:

I. L.Unpwrywd, S.UwGunipjub, U.Q6pmbGjwl, ULwjwjul, &.Guwjwl, S.Lopunmn,
U.Pwpphitth, «Qbtpwpuq owwhywlwl oughingpnud», << wpunGwgph hwjm No.
AM2009044, GO1 D 5/26 (2009):

2. WU Yhpwynuywl, LL.ouwboyub, U.ULwjwyjub, U.U.Qbpnljwuwb, Q-.L.Guwjwud,
L.Ju.Unipunywl “Yhuybpuuwghl hwywniwG qho’’- AM N. 2178 A2, GO2F 1/01, G02B 5/00
(2008):

25-



CHAPTERII

PULSE CONTROL ON FEMTOSECOND TIMESCALE

Ultrashort pulse generation has always been an urgent area of research in the field of laser pulse
applications. Modern applications of ultrashort pulses provide new and advanced opportunities for
commercial purposes. An ultrashort pulse can be defined as one with picosecond and femtosecond
duration. Ultrashort optical pulses can be produced from longer pulses using optical pulse
compression techniques [82]. Ultrashort pulse optical sources are of great technological interest due
to their distinguishing features, which include 1) ultrashort duration; 2) ultra-large spectral
bandwidth; 3) high peak power. Ultrashort optical pulses can be used in optical communication
systems with long-distance and high bit rate.

However, many applications will require not only optical pulse generators, but also ultrafast
optical waveform generators. Over the past decade powerful optical waveform synthesis methods
have been developed which allow generation of complicated ultrafast optical waveforms. To apply
ultrashort pulses in suitable applications it is necessary to control their temporal shapes. This shaped
pulse can be used in different optical applications. However, it is difficult to control ultrashort
pulses from available laser sources. Therefore, it is necessary to use a pulse shaper which produces
more modified shapes of ultrashort pulses. Pulse shaping is the technique which controls the ultra-
short pulse shape and phase, and it became of great technological interest because of its potential
applications in laser pulse compression, fiber communication, signal processing, laser spectroscopy,
device characterization, solid state physics, etc [83].

During the past two decades, a number of devices for shaping ultrashort pulses have been
developed. The predominant method relies on manipulating the phase of the pulse in the spectral
domain to produce complex pulse shapes in the temporal domain.

Recent advances in the area of ultrafast optics and, in particular, the area of optical
communications, demand also new techniques for the generation of ultrashort rectangular optical
pulses. Ultrashort rectangular optical pulses are desirable for a wide range of ultrafast pump-probe
experiments, studies of carrier dynamics or coherent excitation and control of optically induced

quantum states. The use of the Fourier synthesis technique [84], which was first applied to produce
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ultrashort rectangular pulses, has such problems as the use of the lossy and expensive, bulky, optical
elements. To avoid these problems, recently the superstructured fiber Bragg gratings were used to
generate a rectangular pulse and a 20 ps rectangular pulse was demonstrated experimentally by
using a 2.5 ps soliton. However, in this method a well-defined input pulse shape is needed.
Moreover, the width of the generated rectangular pulse becomes much wider than the input pulse
width. The generation of a powerful rectangular light pulse is obtained by insertion of a pulse
shaper into a laser system. This shaper device is conveniently set between the laser oscillator and
amplifiers. The oscillator delivers very short (less than 1-ps) Gaussian pulses; the shaping system
transforms those pulses into pulses with a predetermined waveform. Systems for manipulating
subpicosecond pulses with the aim of generating complicated ultrafast optical waveforms and
relatively long square pulses according to user specifications have been studied and tested for a
number of years [85].

In this chapter we propose and experimentally demonstrate new methods of ultrashort pulse

shaping with different temporal profiles.

¢1.1. Prism-lens dispersive delay line for control of femtosecond pulses

In this section a new, alternative dispersive delay line for ultrashort pulse shaping is
demonstrated. The proposed scheme gives possibilities to shape pulses with different temporal
profiles and phases.

Dispersive delay lines (DDLs) are well-known devices that have various designs and operate on
different principles, including diffraction gratings and prisms [86,87], metal vapour [88], Fabry-
Perot interferometer [89], optical filters [90], electro-optical phase modulators [91], with nonlinear
dispersive crystals [92], scanned grating-based phase control [93], liquid crystals [94], etc. These
devices are now widely used in laser techniques and optics as pulse stretchers and compressors both

outside and inside laser resonators.

Most frequently, DDLs employ a pair of gratings or prisms. A pair of two parallel gratings acts
as a DDL (see Fig.1.1.1 (a)). Optical pulses propagating through such a grating pair behave as if

they were transmitted through an optical fiber with anomalous GVD. When an optical pulse is
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incident at one grating of a pair of two parallel gratings, different frequency components associated
with the pulse are diffracted at slightly different angles. As a result, they experience different time
delays during their passage through the grating pair. It turns out that the blue-shifted components
arrive earlier than the red-shifted components. In a positively chirped pulse, blue-shifted
components occur near the trailing edge of the pulse whereas the leading edge consists of red-
shifted components. Thus, the trailing edge catches up with the leading edge during passage of the
pulse through the grating pair, and the pulse is compressed. Disadvantage of the grating pair is
related to the diffraction losses associated with it. Typically, 60 to 80% of the pulse energy remains
in the pulse during first-order diffraction at a grating. This results in an energy loss of about a factor
of 2 during a single pass through the grating pair, or a factor of 4 in the double-pass configuration.
The use of diffraction gratings also does not provide dispersion easily adjusted through zero value.
A pair of prisms can be used instead for the same purpose. Unlike the grating pair, the prism
sequence can produce a net group delay which can be adjusted from positive to negative. Although
a number of prism arrangements can be devised, one arrangement is especially advantageous
(Fig.1.1.1 (b)). The two prisms are used at Brewster’s angle incidence at each surface. When a short
pulse is sent into a prism, e.qg. its spectral components are angularly dispersed and sent into different
directions. A second prism of opposite alignment can then be used to make the spectrally dispersed
beams parallel again. On their propagation between both prisms, the outer rays experience a delay
relative to those at the centre. It is important to note that this parabolic spectral delay is equivalent
to negative group velocity dispersion. It can therefore be used to compensate for positive material
dispersion. Pairs of Brewster-cut prisms can compensate dispersion without introducing losses and
have been very successfully used inside laser cavities. Combinations of four and more prisms have
been investigated. Prism-based compressors exhibit low losses, but their application is restricted to
pulse durations in the femto or subpicosecond range [95]. In the standard DDL scheme, the
magnitude (slope) of the induced chirp depends on the distance between prisms (or gratings), which

implies large size of the device.
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Fig. 1.1.1. (a) Gratings-based DDL; (b) prisms-based DDL.

We have designed and experimentally tested a new prism—lens DDL, which is based on the
direct control of the spectral phase of pulses. Advantages of the proposed device are the compact
design and the possibility of controlling both magnitude and sign of dispersion.

This section describes a new prism-lens DDL scheme, which makes possible a compact design.
In this scheme, the magnitude and sign of the dispersion-induced chirp are determined by the lens
strength and, hence, do not directly depend on the device dimensions. The chirp magnitude and sign
can be changed without changing the pathways of rays in the system and, hence, without need in

additional correction (adjustment) of the setup.

1.1.1. Principle
The proposed device has been tested for standard femtosecond laser pulses. In terms of classical
radio physics, a DDL (representing a dispersive medium) is characterized by the phase transmission
function D(w)= exp[ig(w)], which allows the Fourier transform F(@) of the slowly varying complex
amplitude to be written as follows:
F..(@)=D(w)xF, (o), (1.1.1)
Here, @ =Q-Q, is the shift of the current frequency Q relative to the central frequency Q_,
#(w)=—-d> ko' /j! is the dispersion-induced spectral phase, k;=k!” is the parameter

characterizing the dispersion of group velocities in the j-th approximation of the theory of

-20-



dispersion, d =z/L, is the length of the medium normalized to the dispersive length L, =z} /|k2|,

and z, is the initial pulse duration [96].

The dispersion-induced spectral phase obeys the parabolic relation in the second-order

approximation of the dispersion theory (k, <<k,z,), in the temporal analogy of diffraction, and

accordingly, it is described by a parabolic equation:

-o’k,d

> (1.1.2)

#w) =

The above considerations imply that the DDL function can be realized by imparting radiation a
spatial phase in a spectrometric device capable of expanding the frequency components with respect
to the transverse spatial coordinate. A lens can serve as a spatial parabolic phase modulator. In the

paraxial approximation, the phase induced by a lens can be expressed as follows [97]:

—x%k
f

TRl (1.1.3)

#(x) =

Where f is the focal distance, x is the transverse spatial coordinate, k, =2z/Aand A is the
radiation wavelength.

For a spectrometric system comprising m prisms (with a refractive index n and its frequency
derivative n') and a lens (with a focal distance fy), the radiation frequency wand the transverse
spatial coordinate x in the focal plane are linearly related as x=aw, where
az(dx/da))o=2f0n‘m/mfor a prism with an apical angle of ¢ =60°[98]. Then, an
additional lens (with a focal distance f placed at the output of this system will lead to the modulation

of the radiation phase according to the law ¢(w) = — w*a’(k, / f)/2 instead of the relation (1.1.2)

provided by the usual DDL. Thus, for a device schematically depicted in Fig. 1.1.2, the
transmission function is as follows:

D(w)=exp[-io’a’(k,/ £)/2]. (1.1.4)
Let a Gaussian pulse arriving at the input of this prism— lens DDL to have a spectral width A, , an

initial spectral phase ¢, (») = — Sw” /2, and the corresponding duration
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The proposed prism—lens DDL scheme has been experimentally tested using a Ti:sapphire laser
as a source of light pulses. The radiation parameters were as follows: wavelength, A= 800 nm;
pulse duration (full width at half maximum), ~100 fs; pulse average power, p ~ 1.5 W; pulse
repetition rate, 76 MHz. The device according to Fig. 1.1.2 consists of the dispersive prism P and
lens Lo as the simplest spectrometer, an additional lens L as the phase mask, and a high-reflecting
mirror M. The dispersive prism (P) and the phase mask (L) are placed at the focuses of lens Ly. In
this scheme, prism P converts the frequency spectrum into an angular distribution and lens L,
expands the spectral components with respect to the transverse spatial coordinate x at the mirror,
which allows the spectral phase to be controlled using a spatial phase mask. We use lens L as the
phase mask, which gives to the radiation a spectral phase according to relations (1.1.3) and (1.1.4).
The experiments were performed with lenses possessing various optical strengths. The negative and

positive chirps were realized using convergent (convex) and divergent (concave) lenses,

respectively.

NE
|

I =

Fig. 1.1.2. Schematic diagram of the prism—lens DDL.
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In these experiments, the intensity correlation functions were measured at the input and output
of the proposed prism—-lens DDL using an APE PulseCheck correlator. Fig. 1.1.3 shows the
normalized correlation functions of pulses stretched in the DDL in comparison to the initial pulses.
As can be seen, the stronger the lens, the greater the pulse stretching. Since the pulse spectrum

remains unchanged, the pulse stretching is completely related to the dispersion-induced spectral

phase.
1 . (a) 1'
B(t) B(t)
0.5} 0.5}
0 05 0.5 0 05

t (ps)

Fig. 1.1.3. Normalized intensity autocorrelation functions B(t) of initial pulses (solid curves) in
comparison to those of the output pulses stretched in the DDLs with various optical strengths of
lenses: (dashed curves) f = 1.7 m (a) and —2.8 m (b); (dotted curves) f =1.3 m (a) and —=1.4 m (b);

(dash—dot curves) f = 0.6 m (a) and —0.6 m (b).

The major problem of autocorrelation is that it does not uniquely determine the pulse
characteristics. It cannot even accurately determine the pulse length, since to do that requires prior
information about the pulse shape, which in fact is impossible to obtain. The disadvantage of the
intensity autocorrelation measurement is in the fact that it does not contain complete information on
the pulse shape. Moreover, the same autocorrelation trace can correspond to pulses of different
shapes. Thus, intensity autocorrelation is not sufficient to determine the intensity. Below another

more informative method for pulse characterization will be described.

-32-



1.1.2. Fourier Transform spectral interferometry for shaped pulse characterization

Interferometry provides a very sensitive and accurate means to measure the phase of an optical
field. This approach can be considered as classical in the field of optical testing.

Fourier-transform spectral interferometry is a version of interferometry where the signal is
measured in the frequency domain relative to a reference pulse [48]. Typically this is recorded with
a detector array placed in the focal plane of a grating spectrometer, to yield a spectral interferogram.
The schematic apparatus is in the case when the pulse under test is derived from the reference pulse
by propagation in a device under test. The data set is a function of only a single variable frequency,
rather than of two variables as in time—frequency methods. This means that the second dimension of
a two-dimensional detector array may be used to record spatial variations in the spectral phase, for
example.

The spectral phase is extracted via a direct inversion that is both rapid and robust. The test and

reference pulse are delayed in time with respect to one another by 7 by using a linear time-

stationary filter ST(a;):e‘“”. The detected signal (interferogram) is then D(w;7)=

| ER (0) + E(a))ei”” |*, where ER is the reference field and E the test pulse field. The spectral phase

difference between the test and reference pulses is encoded in the relative positions of the spectral
fringes with respect to the nominal spacing of 2z /.

The phase difference can be extracted by using a three-step algorithm involving a Fourier
transform to the time domain, a filtering operation, and an inverse Fourier transform. The

interferogram may be written as

D(w;7) = D () + D (0)e' +[D™ (0)e']", (1.3.)

where
D () = 1 () + 1 (@), (1.3.2)
D™ () = E(@)E, ()| ) (1.3.3)

The dc portion of the interferogram, Eq. (1.3.2.), is the sum of the individual spectra of the pulses
and contains no phase information. The ac term, Eq. (1.3.3.), contains all of the relative phase

information.
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There are three steps for reconstructing the spectral phase from the interferogram. First, isolate

one of the ac terms, and hence ¢(w)— ¢, (@w)+ w7z, by means of a Fourier transform and filter
technique (Fig. 1.1.4). Let t be the conjugate variable to @ and D be the Fourier transform of Eq.
(1.3.1). If ¢ is sufficiently large, the dc and ac components (located at t=0 and t =+7) are well
separated in time, and the phase-sensitive component D® can be filtered. For this purpose we use
a filter H(t) centered at t =7 . The filtered signal, D{™*"(t)= H (t — )D(t), is simply the Fourier
transform of the positive ac portion (t =+z) of the interferogram. The spectral phase difference is the
argument of IFT[D ] ie., the inverse Fourier transform of D () (t)

#(0) — ¢, () + o1 = arg[D® (v) exp(iwr)] = arg{IFT[D ") |(x)}. (1.3.4)
The next steps include removing @z by subtracting a calibration phase and reconstructing ¢(w) by
subtracting the reference phase ¢, (®). In cases when the test pulse is obtained by linear
propagation in a device under test, the extracted phase difference ¢(w)-¢,(w) completely

characterizes the dispersion properties of the device.

Fourier

= _ )\

| -
-1 T t
Inverse I Il
Fourier Filtering ——
transform | |
[ [
| |
[ [
T T P
0 T t

Fig. 1.1.4. Diagram of the inversion algorithm for Fourier-transform SI. After an initial
Fourier transform to the time domain, an ac sideband is digitally filtered to isolate
the interference term. An inverse Fourier transform is made, and the amplitude
(solid curve) and phase (dashed line) of the interferometric component are

extracted.
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The above analysis refers to an idealized version of an experiment. The spectrometer has a
finite spectral resolution that depends on its optics and detector, which leads to a decreased fringe
contrast when the fringe period becomes comparable with the spectral resolution. Furthermore,
sampling of the interferogram of Eq. (1.3.1) is performed at a finite rate (e.g., with the array of
finite-size photodetectors that compose the detector located at the Fourier plane of the
spectrometer). The interferogram is sampled at frequencies that are not necessarily evenly spaced.
Finally, the quickly varying fringes that allow the extraction of the spectral phase difference from a
single interferogram can make Fourier-transform spectral interferometry sensitive to frequency
calibration of the optical spectrum analyzer. These effects are not detrimental to most applications
of Sl, and can be accounted for.

Fourier-transform spectral interferometry has applications in cases where one wishes to
characterize a weak modulated pulse whose spectrum overlaps completely with that of a known,
and usually more intense, reference pulse. This is not an uncommon situation in ultrafast optics,
arising wherever linear filters (such as a pulse shaper or stretcher and compressor) are used to
manipulate the pulse. It also pertains to some nonlinear optical processes that are used in time-
resolved spectroscopy, such as degenerate four-wave mixing. Since the Fourier transform of the
optical spectrum can also be measured directly by using temporal scanning, versions of Sl based on
this principle have been applied in wavelength ranges where direct spectral measurements are
difficult.

The key features of interferometry that make it useful for pulse characterization are the rapidity

of data acquisition, the direct and fast reconstruction of the field from the data.

1.1.3. Spectral interferometric study of prism-lens dispersive delay line

In order to check that the lenses give parabolic phases to the input pulses, we recorded the
spectral interference patterns as superposition of the input and output pulses. For this purpose, the
Ti:sapphire laser radiation was split into two beams, one of which passed through the DDL and the
other served as a reference. The interference patterns were recorded using an Ando AQ6315 optical
spectrum analyzer. Using these patterns, it is possible to recover the spectral phase of radiation. Fig.
1.1.6 illustrates the interference patterns recorded for different diverging and collecting lenses. As

we can see, in case of collecting lenses the oscillations on the interferogram’s left side are thicker
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than on the right side. The pulse has a negative chirp in this case. Using diverging lenses, we have
the opposite image. Oscillations are thicker on the right side because of positive chirp. These
interferograms allow us to retrieve spectral phases induced by collecting and diverging lenses.

Furthermore, we can retrieve corresponding pulses.
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Fig. 1.1.6. Spectral interferograms for various lenses.

Fig. 1.1.7 (a) shows the typical patterns of the recovered spectral phases, where dots correspond
to the maxima and minima of the interference pattern (with a phase difference of =), while solid
lines show the fitted curves. The dashed curve is the spectral profile of the intensity. As can be seen,
the recovered spectral phases are parabolic in the energy-carrying part of the spectrum. Fig. 1.1.7

(b) presents a plot of the square of pulse stretching ratio versus 1/f (experimental dots) and a
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parabolic fit to the experimental points. As can be seen, the experimental data agrees well with the
relation (1.1.5).

In conclusion, we have described and demonstrated a prism—lens DDL as a simple spectrometer
and an additional lens as the phase mask. In contrast to the traditional DDLs, the sign and
magnitude of dispersion in the proposed DDL are determined by the optical strength of the lens

serving as the phase mask.
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Fig. 1.1.7. (a) Recovered patterns of spectral phases and (b) plot of the pulse duration versus 1/f

(points). Curves show parabolic fit to the experimental points.

We have also used the prism-lens dispersive delay line to shape pulses with the different
temporal profiles. Below we will describe the shaping of ultrashort pulses with different temporal
profiles.

First, we simply place a thin glass plate in front of a part of the widened laser beam. The part of
the beam passing through the glass plate obtains a time delay with respect to the other free-
propagated part. This way we shape pulses with two- or three-peak structures. Moving the plate
along the vertical axis, we adjust the power proportion. The thickness of the plate determines the
time delay between the peaks. For example, 250 fs delay corresponds to a 0.15mm thick glass plate.

To shape pulses with more complex shape we have used the prism-lens dispersive delay line as

a simple spectrometer. As it was described above, in this scheme at the mirror we have spatial

-37-



distribution of spectral components. We shape complex pulses by placing amplitude and phase
masks at the focal plane of the lens. We use lenses with different focal lengths and thin glass plates
with inhomogeneous surfaces as the phase masks. This way we shape pulses with complex
substructure.

To shape two peaks pulses we use again this scheme by placing the glass plate near the mirror,
thus we have the phase shift between the different parts of the spectrum. The power proportion is
determined by the thickness of the plate and the part of the spectrum. To have an idea about the
shaped pulses we record the autocorrelation traces of pulse passed trough the spectrometer.

Three and more peaks pulses are shaped by giving the phase shift to the central part of the
spectrum. Again we record the corresponding autocorrelation traces at the exit of the scheme.

We carried out the numerical modelling of the experiment also, and compared the results of
experiments and simulations. The calculated autocorrelation traces were compared with the
experimental ones. We have qualitative agreement between the recorded and calculated auto-
correlation traces.

The recorded autocorrelation traces of shaped pulses are demonstrated in Fig.1.1.8. Pulses are

shaped by using the glass plates with 0.1-0.125 mm thickness.
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Fig.1.1.8. Recorded autocorrelation traces of shaped complex pulses.
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Fig.1.1.9 illustrates the calculated autocorrelation traces and pulse temporal profiles, also for
comparison are presented recorded autocorrelation traces of shaped pulses. As we can see, the

recorded and calculated autocorrelation traces are in good accordance with each other.
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Fig.1.1.9. (I) - recorded autocorrelation traces, (II) - calculated autocorrelation traces, (II1) —

calculated pulse temporal profiles.
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§1.2. Synthesis of Fourier transform rectangular pulses in the process of spectral compression

In this section the generation of 100-fs transform-limited pulses with a rectangular envelope in
a spectral compressor is experimentally demonstrated. The pulses are characterised by the spectral
interferometry method described in the previous section.

Interest in the formation of ultrashort pulses with a rectangular envelope is caused by their wide
application, in particular, in optical communication for calibrating devices for ultrashort pulses
formation [61], in control of light-induced quantum states [99], and so on. Such picoseconds pulses
are formed by splitting the initial pulse into multiple replicas and delaying them in a set of
birefringent crystals [100] or fiber optic couplers [101]. In an alternative approach, rectangular
pulses are formed using spectral amplitude-phase masks placed into a femtosecond laser system
[102] or in waveguides with a sinc transfer function [103]. It should be noted that pulses formed by
these methods have a super-Gaussian or trapezoid temporal profile, but in the literature they are
usually called rectangular due to a flat top and steep fronts.

The need for special devices [100-103] for formation of such rectangular pulses stimulates the
development of new approaches to the problem. From the viewpoint of simplicity, it seems
attractive to form rectangular pulses in a waveguide due to nonlinear-dispersive self-action.
However, the pulse formed as a result of the mutual effect of the Kerr nonlinearity and the group
velocity dispersion is positively chirped [104]. Transform-limited rectangular pulses can be
achieved by negative chirping of pulses at the entrance to the waveguide. Such a system is actually
a spectral compressor consisting of DDL and SMF [105, 106]. The analysis of the role of GVD in
the spectral compression [107] showed the possibility of formation of transform-limited ultrashort
pulses with a rectangular envelope.

This work is aimed at experimental investigations of the formation of transform-limited
rectangular pulses in a spectral compressor, on the basis of the numerical analysis of the process
[107]. The experiments were performed using spectral interferometry, which allows total
characterization of the complex radiation field [108].

The experimental setup (Fig. 1.4.1) consisted of a Coherent Verdi 10 Mira 900F Ti : sapphire
femtosecond laser (wavelength 800 nm, pulse duration at FWHM 100 fs, bandwidth 10.5 nm, pulse

repetition rate 76 MHz, average power 1.5 W, peak power 2x10° W), a spectral compressor with a
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DDL consisting of a pair of dispersion prisms P made of SF11 glass and a reverse mirror M3, a
Newport FSE (780 nm) SMF, and a recording system [Ando AQ6315 optical spectrum analyzer
(OSA) and APE Pulse-Check autocorrelator].

In the course of the experiment, the laser radiation was delivered to a Mach - Zehnder
interferometer, in which the beam was split into two parts by a semitransparent mirror M1. The
low-power part (20 %) was used as a reference for spectral interferometry. The powerful part of the
radiation (80 %) was directed to the spectral compressor. The prisms were placed so that the beam
was incident at the Brewster angle and propagated through their vertices. In the DDL with an
anomalous dispersion, the spectrum does not change, while the pulse becomes longer and
negatively chirped. After passing the DDL, the beam was coupled by a microobjective into the
SMF, where the SPM leads to quenching of the chirp and to spectral compression of the pulse. The
output spectrally-compressed pulse and the reference pulse were delivered to the OSA, which
recorded the spectral-interference pattern: the overlap of the spectral harmonics of the signal and
reference waves resulted in a total spectral pattern with beatings due to the difference in their
spectral phases. Computer processing of the recorded spectral-interference pattern allowed us to
reconstruct the spectral phase of the pulse under test formed in the spectral compressor by a method
described in [109]. The measured spectrum of this pulse, together with its reconstructed spectral
phase, makes is possible to completely reconstruct the pulse temporal amplitude and phase using
the Fourier transform, i.e., to completely characterize the pulse under study. For temporal
measurements in the course of experiments we also recorded the intensity autocorrelation functions.
The experimental stages are illustrated in Fig. 1.4.2. We performed checking spectral and auto-
correlation measurements at the entrance and exit of the DDL, which confirmed the spectrum
stability and the expected degree of pulse stretching.

The experiments were combined with the numerical simulation of the process based on the
nonlinear Schrodinger equation, taking into account the Kerr nonlinearity and the GVD, which
adequately describes the process under study for pulse durations of about 100 fs [104]. The equation

was numerically solved by the split-step fast-Fourier-transform algorithm.
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OSA C

Laser

I

Fig. 1.4.1. Scheme of the experimental setup: (M1-M6) mirrors, (P) prisms, (MO) microobjective,

(A) autocorrelator, (OSA) optical spectral analyser, (C) computer.

Our numerical investigations performed for different lengths of DDL and fiber confirmed the
statement that the formation of rectangular pulses depends only on the ratio of the prism separation

d (further called the DDL length) and the fiber length f/ [107]: rectangular pulses are formed at
d/ f~1.6k"7k", k,"'=10° fs¥/em and k,'"=6.5 x10° fs¥cm are the second-order group
velocity dispersion coefficients for SMF and DDL, respectively. In dimensionless variables, this
condition has the form Z/¢~1.6, whereg= f /L), Z=d/L, L'} =72 /k!"”, and z, is the
initial pulse duration [104]. Under these conditions, we achieve the maximal spectral compression.

The experiment was performed for the DDL length d =90 cm (Z=5.4) and the fiber length

f =22 cm (¢=3.2). The degree of spectral compression at the exit of this system was 2.8, i.e., the

bandwidth in this case was 3.7 nm. The compressed spectrum with small satellites has a shape of a

sinc-like function which is the Fourier transform of a rectangular function (Fig. 1.4.2 (b)).
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Fig. 1.4.2. Tllustration of experiment through spectrograms: spectral profile of the initial pulse (a),

spectrum at the exit from the spectral compression system (b); and spectral interference pattern (c).

The measurement results are shown in Fig. 1.4.3. From Fig. 1.4.3 (b) and 1.4.3 (d), one can see
that phase modulation of the obtained rectangular pulses is almost absent, i.e., the pulses are
transform-limited. The dashed curve in Fig. 1.4.3(c) corresponds to the results of numerical
simulation with the corresponding radiation and setup parameters: we can see that calculated pulse
temporal profile well agrees with the experimental one.

The reconstructed pulse profiles were used to calculate the intensity autocorrelation functions,
which were compared with the measured autocorrelations. Fig. 1.4.4 shows the intensity
autocorrelation traces of a rectangular pulse. The measured and calculated correlation functions

quantitatively agree with each other.
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Fig. 1.4.3. Measured spectrum (a), reconstructed spectral phase (b), temporal profile (¢), and chirp

(d) of a pulse for d =90 cm and f =22 m. The dashed curve corresponds to the temporal pulse

profile obtained in the numerical experiment.
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Fig. 1.4.4. Intensity autocorrelation traces of a rectangular pulse: measured (dashed curve) and

calculated from the recovered pulse profile (solid curve).

45-



Fig. 1.4.5 presents the dependence of the degree of spectral compression on the average
radiation power in the fiber for d = 90 cm and f =22 cm. The power was changed by changing the
efficiency of coupling into the fiber. One can see that the pulse bandwidth narrows with increasing
power, but widens again at powers exceeding 120 mW. The experimental results agree with the
calculations. The experimental and numerical investigations showed that rectangular pulses are
formed in the region of the maximum spectral compression. The numerical investigation also
revealed that for other DDL and fiber lengths with the same ratio Z/¢ = 1.6, the dependence of the
spectral compression on the average power in the fiber has the same shape but a different scale. For
example, for longer DDL lengths, one observes an increase both in the degree of the maximum

spectral compression and in the corresponding power.
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Fig. 1.4.5. Dependence of the degree of spectral compression on the average radiation power in the

SMF for d =90 cm and f =22 cm. The dots and the solid curve correspond to the experimental

and calculated data, respectively.

At powers that do not correspond to the maximum spectral compression, the pulse profile
differs from rectangular. The temporal profiles of pulses at the exit from the spectral compression
system at different average powers in the fiber are shown in Fig. 1.4.6.

The formation of rectangular pulses at the same ratio Z/¢ = 1.6 but different DDL and fiber
lengths [d =142 cm (Z =10.3) and f =44 cm (¢ = 6.7)] is demonstrated in Fig. 1.4.7. One can see

that the reconstructed pulses also have a rectangular shape. The bandwidth in this case was 3 nm,
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1.e, the spectrum was compressed by a factor of 3.5. Our investigations showed that, as well as in
[100-103], the steepness of the pulse edges is determined by the initial Gaussian pulse duration and
does not depend on the compressor parameters. However, at long DDLs, when the spectral
compression is high, the formed pulses are longer. Taking the duration ratio of the pulse edge and
peak as a rectangularity criterion [100], we can say that the shape of pulses obtained at longer DDL

and fiber is closer to the rectangular.
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Fig. 1.4.6. Experimental (a) and calculated (b) temporal pulse profiles at d =90 cm and f =22 cm

and different average powers in the fiber. The pulse amplitudes are normalised to their peak values.
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Fig. 1.4.7. Measured spectrum (a), reconstructed spectral phase (b), temporal profile (¢), and chirp

(d) of a pulse for d =142 cm and f =44 cm. The dashed curve corresponds to the temporal pulse

profile obtained in the numerical experiment.

It should be noted that, in addition to the maximum spectral compression, a more necessary

condition for the formation of rectangular pulses is Z/¢ ~ 1.6. To confirm this, we studied the

spectral compression for the ratio Z/¢ = 1. In particular, for d = 90 cm (Z = 5.4) and f =44 cm

(¢=6.7) (see Fig. 1.4.8), the temporal pulse profiles, as expected, have non-rectangular shape. In

this regime, the pulse stretching in the DDL is decreased due to the dispersion in the fiber, which

blocks the spectral compression [107]. In the experiment, the maximum degree of spectral

compression in this case was 1.2.
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Fig. 1.2.8. Spectrum (a) and temporal profile (b) of a pulse in the regime of blocked spectral

compression for d = 90 cm and f =44 cm.

It is obvious that our results also agree with the data reported in [106]. This study was not
aimed at obtaining pulses of a particular shape, but, due to the used ratio Z /¢ ~ 1.7, the pulses at
the exit of the spectral compressor also had a flat top and a sinc-like spectrum.

In conclusion the formation of transform-limited rectangular pulses in a spectral compression
system was studied experimentally. It is shown that the formation of such pulses does not depend
on the DDL and fiber lengths separately, but depends on the ratio of the distance between the
prisms and the fiber length. GVD in an optical fiber can change the physical image of the spectral
compression process. The investigations showed that rectangular pulses are formed at the DDL-to-

fiber lengths ratio Z /¢ ~1.6 in the region of the maximal spectral compression. At DDL lengths

shorter than fiber lengths, spectral compression is blocked.

¢1.3. Femtosecond pulse shaping based on 2D phase-only spatial light modulator

With the advancement of electronics technology and the ability to manipulate anisotropic media
electronically via computer interfaces, user-defined, programmable spectral windows and masks
were developed, beginning the era of active pulse shaping. These programmable devices, such as
SLMs [110] and acousto-optic modulators [111], allow one to manipulate the phase and amplitude

of an ultrashort pulse by writing the desired phase function in real-time. This opened the door for
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such areas of research as coherent quantum control and optimization of other ultrafast processes
with computer feedback algorithms.

Despite the fact that programmable devices can achieve a very wide range of modulation
functions, there are always some limitations of the pulse shaping apparatus. Primarily, pulse
shaping is performed by manipulation of the spectral amplitude and phase of the pulse in the
Fourier domain. Thus the fidelity of waveforms generated is limited by the spectral resolution of the
device, i.e., how accurately the device can manipulate a single frequency of light. However, other
limiting factors include the maximum phase modulation of the pulse shaper (as well as the
resolution of the phase modulation), the bandwidth of the input pulse, and the throughput of the
pulse shaper. The throughput (or efficiency) of pulse shaping apparatuses has continued to increase
as advances in technology allow for more efficient SLMs. In the case of SLMs, the majority of the
losses in a pulse shaping apparatus are due to the dispersive element, typically a grating. Several
techniques have been proposed to produce complex modulation of an electromagnetic field with an
SLM for encoding computer-generated holograms [112, 113]. In both cases, two neighboring pixels
with a single-dimension modulation capability are coupled to provide the two degrees of freedom
required for independent phase and amplitude modulation. It has been demonstrated that a SLM can
be used to compensate for the thermal phase distortion occurring in high-energy glass amplifiers.
SLMs have been used also in a wide range of applications, including in high-energy laser
applications for intracavity beam shaping [114] and focal spot control [115], in digital holography
for the optical reconstruction of digital holograms [116], in modern optical technology as real-time
refractive lenses [117]. Recent advances in the fabrication of high-resolution SLMs have extended
the use of SLMs into various disciplines, especially in the field of adaptive optics. Most frequently
SLMs have been extensively used for femtosecond pulse shaping and nonlinear chirp
compensation. That’s why we decided to use SLM based femtosecond pulse shaper to control
fourth and fifth orders of dispersion. Our goal is to combine the shaper with the pulse delivery
scheme to be able to obtain maximally compressed pulses.

Here, we report a simplified and very compact direct space-to-time pulse shaping (DST-PS)
setup by using for the first time to our knowledge a phase-only high resolution liquid crystal (LC)
SLM, without additional mask, relay optics, and diffraction grating as in conventional DST-PS

[118], this experiment is done together with the Tigran Mansuryan. Furthermore, we show that it is
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possible to perform high-fidelity pulse shaping both in amplitude and in phase with a single phase-
only LC-SLM. We introduce a single phase-only high resolution SLM simulating an
inhomogeneous blazed phase grating. This computer-controlled element plays the role of both the
spatial mask and of the dispersive element of the spectroscope. Amplitude and phase modulation of
the wave diffracted in the first order by the synthesized grating are performed independently
controlling respectively the blaze angles and the absolute phases of the local phase gratings that are
displayed along the SLM. Experimental setup is shown in Fig.1.3.1.
~ Spectroscope arrangement
X

T Simulated
inhomogenoeus

- v b]aZ}:d phase

-y grating

Littrowy

Phase-only
high resolution
SLM

Fig. 1.3.1. Simplified DST pulse shaper.

A Ti:sapphire oscillator centered on 803 nm producing pulses with 200 fs autocorrelation
duration (FWHM) fed the setup depicted in Fig. 1.3.1. A 2D HOLOWEYE phase-only
programmable LC-SLM was used (reflective LCOS microdisplay; 1920 x 1080 pixels; 8:0 um pixel
pitch; =3n phase-shift at 800 nm; 60 Hz frame rate). The grating periodic modulations were set
parallel to the small dimension of the device [i.e., y direction in Fig. 1.3.1]. Each three pixels of the
LC-SLM were associated as one grating groove (i.e., p ¥ 2dm). The resulting blazed grating
(15.36 mm width, 41.66 grooves/mm) gave a calculated space-to-time scale factor amounting to
111 fs/mm and a time window close to 1.62 ps. This is in very good agreement with measured data,
which amounted respectively to 110 fs/mm and 1.61 ps [see Fig. 1.3.2(a)]. For those measurements,
we used an intensity cross-correlator, using a fraction of the oscillator as reference. In order to test
the shaper flexibility for amplitude modulation, various pulse doublets were synthesized with pulses
having different amplitudes and/or different durations [Fig. 1.3.2(b) and 1.3.2(c), respectively).

More generally, Fig.1.3.2(d) illustrates a pulse sequence involving five equidistant pulses.
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The ability of the phase-only SLM to induce about 3w phase-shift has been used for phase
modulation demonstration. A pulse doublet was synthesized with first identical and then opposite
phase relationship. The registered spectra (see Fig.1.3.3) of the two sequences clearly show the
phase control. Spectral fringes are shifted by half-period when the © phase-shift is added. Phase
modulation can be achieved working with two different absolute phases for the two related local
gratings. A contribution to this phase-shift can also come from the translation along the x direction
of one of the two local gratings by one or two pixels that results respectively in 2n=3 or 4n=3
additional phase-shift. We have checked that both phase and amplitude modulations can be
independently achieved without couplings. The diffraction efficiency in the first order of a uniform
blazed phase grating synthesized by the LC-SLM was measured to be 36%. It is rather close to what
would result from the association of a dual mask amplitude-phase LC-SLM and a diffraction grating
inside a standard DST-PS setup (i.e.~60% for the amplitude -phase LC-SLM and~80% for a
conventional diffraction grating). In spite of this, the overall efficiency was small, amounting to few
percents depending on the desired pulse profile. Indeed, it is known that DST-PS basic principle

results in rather low throughputs [119].

- (b)

L © ' @

-1 0 +1 -1 0 +1
Time axis (ps)

Fig. 1.3.2. Cross-correlation signals measured at the output of the DST shaper in case of amplitude
modulation. (a) Doublet with maximal time separation. The time window of the shaper amounted to
1.6 ps. (b) Double pulse with different amplitudes. (c) Double pulse with different durations. (d)
Sequence of five equidistant pulses: measured and calculated cross-correlations, the difference

between measured and calculated curves is 2.6%.
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Fig. 1.3.3. Phase modulation. A double pulse sequence was synthesized with two different phase

relationships: 0 and ©. As a consequence, the two related spectra are shifted by half a fringe.

In conclusion, a new, very simple and compact DST femtosecond pulse shapers, where the
grating and mask are replaced by a single programmable LC phase only SLM. The flexibility of the
shaper for amplitude or/and phase control is demonstrated by double pulse generation with different
amplitude and phase (in range of 1) characteristics. Shaped pulse sequence, consisting of five peaks,
demonstrates the prospective of this shaper in telecommunication. For other applications it has an
advantage of fast (real time) and visually controllable device, as well; the pulse form can be directly
observed on DVI monitor. The disadvantage of the shaper is the small total efficiency, which makes
difficult to use this shaper inside others schemes. Optimization and development of “time
windowing” and energetic characteristics, as well as performing for short pulse (10 fs) range and
polarization state shaping, are the subjects of future studies.

Obtained results can be useful for the problems of control, transfer, and recording of optical

signals.
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Conclusion to chapter |

1. We propose and experimentally demonstrate an alternative dispersive delay line for ultrashort pulse
shaping with the following advantages:
e compact and simple design, independent of dispersive force;
e possibility to induce both negative and positive dispersion;
e easy tunable dispersion;
e possibility to shape pulses with different temporal profiles
e applicable for picosecond pulses due to compact design.

Obtained results are in good accordance with the numerical simulation.

2. We experimentally demonstrated that the fiber group velocity dispersion together with the principal
factor of Kerr nonlinearity becomes important for spectral compression. The group velocity
dispersion impact is controllable, it can:

e Dblock spectral compression by temporal recompression of pulse in the fiber;

e lead to an effective dispersive regime of spectral compression when rectangular Fourier
transform pulses are formed along with the achievement of maximal spectral compression
ratio.

These pulses are Fourier transform limited, in contrast to the well known rectangular pulses
generated in the fiber due to the combined impacts of self-phase modulation and dispersion. Our
results of pulse complete characterization obtained by spectral interferometry are in a good

agreement with the numerical simulations.

3. A new programmable direct space-to-time femtosecond pulse shaper using phase-only liquid
crystal spatial light modulators has been demonstrated. The experimental setup is very simple and
compact. The flexibility of the shaper for amplitude and phase control has been demonstrated by

the generation of various pulse sequences with tailored intensity and phase (in the range of ).
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CHAPTER II.

FEMTOSECOND PULSE FIBER DELIVERY WITH OPTIMIZED DISPERSION
CONTROL BY REFLECTION GRISMS AT 800 NM

Femtosecond optical pulses have found a large spectrum of applications in contemporary
science and technology. In many cases it would be advantageous to deliver the femtosecond pulses
to the system under investigation with optical fiber [120]. Delivery of nJ, sub-100-fs laser pulses via
an all-fiber distribution link has many applications in multi-photon microscopy [121], terahertz
spectroscopy [122] and terahertz imaging [123], as well as in other areas where beam delivery of fs-
pulses via optical fiber is of an advantage.

For example, fiber delivered coherent anti-Stokes Raman scattering (CARS) imaging system
has increasingly attracted research attention, because of its flexibility for optical alignments as well
as the importance for in vivo microendoscopy applications [123, 124]. As a nonlinear optical
imaging technique, CARS imaging has been demonstrated as a powerful tool for label-free optical
imaging. This technique offers many advantages including chemically selective contrasts based on
Raman vibrational activity, high sensitivity and rapid acquisition rates due to the coherent nature of
the CARS process, and sub-wavelength spatial resolution [125, 126]. Because of its highly-
directional coherent property, the CARS signal is several orders of magnitude stronger than the
conventional Raman signal; therefore, CARS offers ultrafast imaging capability in video rate in
vivo [127]. Endoscopy has revolutionized modern medicine by allowing clinicians to visualize
internal organs to screen for diseases such as colorectal cancer [128], lung cancer [129] and
Barrett’s esophagus [130]. Endoscopes are widely used in modern medical practice, making clinical
procedures less invasive and saving time and cost, while providing physicians with valuable
information from within the body. While current state-of-the-art clinical video endoscopes transmit
excellent image quality, their overall size is capped by the dimensions of their sensors and
electronics. Smaller and more flexible endoscopes have recently become available for clinical
practice using optical fiber bundles, where each individual fiber is used to transmit one pixel in an
image [131,132]. Maintaining acceptable image quality with small diameter fiber bundles is

challenging, however; each optical fiber has a finite size, and therefore only a limited number of
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fibers can be packed into an endoscope with a given diameter. Multiphoton microendoscopy
enables visualization of cellular layers and intracellular organs with deep penetration depth and
provides valuable information for early diagnosis of diseases and understanding complex
mechanisms of biophenomena in living animals for research [133]. In vivo multiphoton
microendoscopy can be used to directly observe molecular mechanisms of life without the need for
sacrificing animals or removing tissue from the body, which is essential for practical applications.
Multiphoton endoscopy uses an optical fiber for providing a comfortable distance between a target
and optical and electronic hardware and a small sized probe for imaging internal organs in vivo
[133].

Therefore, the goal is to develop a flexible, stable, and easy-to-use optical fiber delivery system
as those used in confocal fluorescence endoscopy, optical coherence tomography, and in vivo
endoscopy imaging systems. Many applications require methods for the delivery of pulses via an

optical fiber over extended distances without significant pulse distortion.

¢2.1. Fiber delivery: basic features and numerical modelling

Femtosecond optical pulses are now involved in a wide range of applications. Frequently it is
desirable to deliver those pulses with a flexible optical fiber without losing their basic specificities,
i.e. shortness and intensity. However, because of their large bandwidth and high peak power,
femtosecond pulses are not easy to deliver with an optical waveguide. They suffer from temporal
and spectral broadenings because of respectively group-velocity dispersion and nonlinear self-phase
modulation. This is particularly true operating near 800 nm carrier wavelength where normal
dispersion is large. Several types of innovative optical fibers were proposed with the aim of
reducing the waveguide dispersion or reducing its nonlinearity or more interestingly both of them.
An attractive recently published solution relies on a kagome lattice argon filled hollow-core
photonic crystal fiber [134]. Such fiber has a very weak nonlinearity and it has been predicted that
its dispersion could be cancelled, controlling the pressure of the gas introduced in it. However, the
experimental demonstration of this concept is still missing. Up to now the shortest pulse ever
delivered by an optical fiber in the 800 nm range has been achieved using an air filled hollow-core

fiber with a cladding made of a chirped photonic crystal [135]. This kind of innovative air-silica
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microstructured fiber has a much larger bandwidth than those of previously experimentally
validated hollow-core fibers [136]. Its very low and flat dispersion allowed for the delivery of sub-
20 fs pulses. However chirped photonic crystal fibers have high guiding losses (> 5 dB/m) so that
the previously published result involving this concept relates to only 0.13-nJ and 6.5-kW pulses at
the output of a relatively short fiber (i.e. 80 cm).

Most applications of femtosecond fiber delivery, such as multi-photon endomicroscopy or
fibered femtosecond terahertz generation, require more powerful excitations and longer fibers. T.
Le and co-workers from Femtolasers Productions GmbH have demonstrated [135] that it was
possible to efficiently deliver 800-nm 1.1-nJ 26.5 fs pulses through a 1.6-m long flexible waveguide
working with LMA solid-core microstructured fiber. This kind of commercial fiber has a very low
attenuation (i.e. <0.01 dB/m @ 780 nm at a moderate bending radius of 20 cm) in addition of being
endlessly single mode over a broad bandwidth. It has a small nonlinearity because of a large core.
However its dispersion is high so that the key issue relies in this case on fiber dispersion pre-
compensation. Dispersion compensation can be achieved by means of an anomalous stretching
device located before the fiber that acts as a compressor. For wide-bandwidth pulses cancellation of
only second order dispersion (SOD) is not sufficient. One has to make efforts to compensate also
for third order dispersion (TOD). For this reason T. Le worked with a specific SOD and TOD
compensation system made of a combination of an expanded two prism-pair stretcher with two
pairs of custom-made TOD optimized chirped mirrors. Authors reported that this scheme was
sensitive to chirped mirrors manufacturing tolerances. Additionally this rather complex arrangement
was not tunable which is rather detrimental for applications in biophotonics for example. That’s
why a simpler and cheaper solution for optimized and flexible dispersion compensation is still
desirable.

For this purpose we have focused our interest to a device associating a compact stretcher made
of two grisms with a LMA fiber compressor. A grism-pair stretcher is composed of two identical
grisms each of them being the assembly of a diffraction grating in close contact with a prism [137].
A grism-based stretcher has a negative SOD and its TOD can be set negative too providing suitable
conditions for LMA fiber dispersion cancellation at 800 nm. Inside a grism-pair stretcher there exist
enough geometrical freedom degrees to adjust the SOD and TOD continuously and simultaneously

at desired values. Conventional prism or grating stretchers do not allow for such optimized
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dispersion control. It has been demonstrated that grism-pair stretcher is a compact and simple
solution for accurate dispersion control. The use of a grism-pair was first proposed for dispersion
control by P. Tournois [137] to give high negative SOD with zero TOD. Later, E. A. Gibson and
co-workers [138] showed that a grism-pair can simultaneously compensate for both second and
third dispersion orders of material at 800 nm with high throughput working with reflective gratings
near Littrow configuration. More recently it has been successfully involved in several ultra-
wideband amplified systems [139]. Our group has also recently reported preliminary results about
the use of a grism line for fiber delivery and pulse compression [140]. Here we will show with a
grism-pair stretcher it is possible producing 1-nJ pulses with duration well below 30 fs at the direct
exit of a 2.7 meter long LMA fiber.

Propagation of femtosecond light pulse inside an optical fiber at 800 nm is mainly governed by
chromatic dispersion. In case of nanojoule-pulse Kerr type nonlinearity can also play an important
role. The relative impact of those two physical phenomena can be evaluated looking at their

respective characteristic lengths. The characteristic length that is associated to dispersion is

2
L, :éllAt—OZB’ where At, is the pulse full width at half maximum in intensity (FWHM) duration
0g 2.b,

and B, the fiber SOD parameter [61]. The dispersion of a LMA fiber is very close to the one of pure
fused silica that composes the core with a weak contribution to dispersion coming from the

waveguide [141]. At 800 nm B of fused silicaamounts to = + 35000 fs*/m so that for a 30-fs pulse

Lp is = 9 mm. The nonlinear length is defined as L, = [(wlc)nzl ]71, where n, ~3.107%° m?/W

peak
is the nonlinear coefficient and lpeax is the peak intensity of the pulse [61]. For a 1-nJ and 25-fs
pulse, propagating in a LMA fiber having a 16-um mode field diameter corresponding to 200 um?
mode effective area, the nonlinear length iss 2 3 mm at 800 nm, meaning that Lp < Ly.. As a
consequence nonlinearity is strongly mitigated by dispersion that becomes the more important issue
that has to be addressed first. As will be discussed later, nonlinearity induces some amount of
spectral compression but its contribution can be considered as a secondary effect. As a
consequence, the performances of the device are mainly related to the accuracy of the balance

between the stretcher and the fiber compressor dispersions.
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To help to design the stretcher, we have first performed numerical modeling of the [stretcher-
compressor] system. Our grism-stretcher is made of an anti-symmetrically positioned reflecting
grism pair (see Fig. 2.1.1). Its dispersion has been evaluated as a function of wavelength from group

delay geometrical calculation [137]. The following characteristics were used as calculation inputs:
(i) for the optical components, grating groove period d, prism apex angle o, prism glass refractive
index Sellmeier law n(1); (ii) for the geometrical adjustment freedom degrees (see Fig. 2.1.1), the
incidence angle 6 upon the stretcher, the distance Lism=0OT. between the two prisms, the distance

Liix=OT, between the two tips of the two prisms. L;j»=T1C; is in another input parameter; however it

can be demonstrated that, at fixed Ly, the value of Li, has no impact upon stretcher dispersion.

Tl d_).“(_ BI

N Y o2 N\
B, *<d T,

Fig. 2.1.1. Monochromatic optical path inside the grism-stretcher. M denotes a retro-reflecting
plane mirror, N is the group index of the prism glass, o the prism apex and d the grating groove

The group delay tq of the stretcher is calculated by adding up the path lengths of an individual

frequency component:

2
t :E[N(ClB1 +B,A))+AA, +N(A,B, +B,C,) —C2I2]
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N is the group index of the prism glass while ¢ denotes the light velocity in vacuum. Path lengths
were calculated through conventional laws of optics and geometry. Group delay calculation is an
original alternative to spectral phase calculation [139]. Our approach brings equivalent results with
the advantage of being more direct.

The dispersive properties of the LMA fiber that plays the role of the compressor were assumed
to be the one of pure fused silica (i.e. B,=+34560 fs*/m, B3=+28220 fs*/m and B4=-13430 fs*'m @
820 nm). The data provided by the manufacturer of the LMA fiber [NKT Photonics] that was used
during our experiments confirmed that this assumption was safe. Finally, input temporal and
spectral intensity shapes were described with squared hyperbolic secant functions while durations
and bandwidths were measured at half maximum in intensity. Spectral filtering that could result
from diffraction grating spectral transmission variation has not been included in the model.

The adjustment of the stretcher begins with the search for the incidence angle 6 onto it that

stretcher

provides the suitable ratio r3;=TOD/SOD. 6 controls rs; while this ratio is slowly dependent
on the distance Lprism between the two grisms. In our experiment we worked with grisms made of
600-grooves/mm-gratings and 40°-BK7-prisms. This choice provides the desired r3; parameter (i.e.
S MeteNer = pp fused silicd — 1.9 817 fs @ 820 nm) at 6=38.884°. In this position the incidence onto the
diffraction grating inside the two grisms is equal to 15°. The blaze angle of the grating that has been
used during our experiments was 13.9° and the angular deviation induced by the grating is small
(A6 = 04-65=12°@ 820 nm) conditions which ensure that the energetic efficiency of the stretcher is
high (>30 % across the entire bandwidth).

Now, at fixed 6, SOD and TOD of the stretcher increase approximately linearly with distance
Lprism between the two grisms so that the desired SOD and TOD can be reached simultaneously

adjusting Lprism. During our experiments we worked with a 2.7-meter-long LMA fiber having
@ =+9.332e+4 fs?, @i =+7.627e+4 fs> @ 820 nm. The fiber SOD and TOD cancellations are
performed simultaneously at 6=39.884° with Lyism =14.404 mm and L;=59 mm. In this position
the stretcher-compressor is limited by uncompensated higher orders of dispersion. Calculations

revealed that fourth order of dispersion (FOD) was the limiting factor with a negligible impact

coming from the fifth and higher orders. Stretcher and fiber FODs amounted respectively to

@M =-4,42e+5 fs' and @™ =-3.64e+4 fs* @ 820 nm. The two contributions have the same sign

-60-



meaning that they cannot compensate for each other and the net FOD is largely dominated by the
stretcher contribution. When applied to a signal with 50-nm-bandwidth it results in a in a pulse with
duration equal to 40 fs (see Fig. 2.1.2a) which is twice the Fourier limit (i.e. 19.4 fs for a Gaussian
shape pulse having a 50-nm-bandwidth). Changing for a grating with a different groove density
and/or for a prism with a different apex and/or material could represent solutions for smaller FOD
while preserving SOD and TOD cancellations. However our calculations showed that those
alternative choices could result in deviation from the Littrow configuration inside the grisms and as
a consequence to deleterious reduction of the stretcher throughput. We believe that the above
mentioned parameter set involving readily available commercial components (see next section)
represents a good trade-off between optimized dispersion compensation with moderate FOD and
high throughput.

Else, exact cancellation of the net SOD is not optimum in term of compressed pulse duration.
Indeed it is advantageous to work with some amount of positive net SOD (i.e. +620 fs2 in the
particular conditions that were described above) that is able to partially mitigate the negative net
FOD coming namely from the grism-stretcher. Calculations confirm that a significantly shorter and
brighter pulse can be obtained for different adjustments of the stretcher. The minimal duration is
obtained with 6= 38.925 ° and Lpism= 14.385 mm. It amounted to 26.6 fs (FWHM) (see Fig. 2.1.2c)
which corresponds to 1.4 times the Fourier limit while the peak power exceeds 30 kW for a 1-nJ
pulse which corresponds to 62% of the peak power of the Fourier transformed pulse having
identical bandwidth and energy. In case of exact cancellation of net SOD, a 1-nJ pulse having the
same bandwidth has a peak power amounting to only 19 kW.

In the same conditions (i.e. with the same fiber, the same bandwidth, the same pulse energy),
working with a grating-pair stretcher would relate to a delivered pulse with a much larger duration
(i.e. 3 times larger for 600 grooves/mm gratings separated by 12.5 cm).

Because of very high uncompensated TOD, numerous secondary pulses would appear in the
trailing edge of the compressed pulse. The peak power and the ability of producing at the fiber exit
a second order nonlinear signal, such as two-photon fluorescence, would be respectively 6 and 9
times smaller. Working with a prism-pair stretcher would result in very similar performances in

comparison with gratings, except for the secondary pulses that would appear now in the leading
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P(t) (kW)

edge, but with the additional drawback of requiring a very large distance between the two

components (i.e. more than 2 meters between two SF11 prisms inside a 4-pass-stretcher).
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Fig. 2.1.2. Calculated pulse and spectrum at the direct output of 2.7-m long LMA fiber for two
different adjustments of the grism-based stretcher at fixed L:i;;=59 mm: (a) and (b), 6=39.884° and
Lorism =14.404 mm; the stretcher perfectly compensates for both SOD and TOD of the fiber; the
stretcher brings a large amount of FOD which is clearly seen on (b); the compressed pulse duration
is equal to 40 fs (FWHM) with a peak power amounting to 19 kW for a 1 nJ pulse - (c) and (d): 6=
38.925 ° and Lpyrism= 14.385 mm; now the stretcher is adjusted so that TOD is compensated and that
net SOD and net FOD partially compensate for each other; spectral phase variation amplitude
across the spectrum is somewhat smaller; as a consequence the pulse duration is smaller (i.e. 26.6

fs) and the peak power is higher (i.e. more than 30 kW for a 1 nJ pulse).
Our device gives also very interesting results with long fibers. For example we have performed

simulations increasing the fiber length to 10 meters (i.e. 3.7 times the previous one), all other

characteristics being unchanged. With this long fiber SOD and TOD exact cancellations were
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obtained for the following parameters: Lpism =61.21 mm, 6=39.48° and Ljp=150 mm. In this
situation the stretcher FOD increased by a factor 3.2 (i.e. ¢} =—1.4e + 6 fs* ) with respect to the

case of a 2.7-meter-long fiber what resulted in a longer compressed pulse. However the delivered
pulse is still very short. Its duration amounted to 57 fs (FWHM) which is only 1.4 times longer than
the one for the 2.7-meter-long fiber and the pulse shape was unchanged. As previously, the shortest
pulse has been performed when SOD partially mitigated FOD. It was obtained when Lypyism =61.15
mm and 6=39.50° and the shortest duration amounted to 34 fs (FWHM) at the end of the 10-meter-
long LMA fiber.

Now it is important to check that the performances of the stretcher-compressor are preserved at
high power when nonlinear effects happen in the last few centimeters of the fiber compressor. For
this purpose the nonlinear pulse propagation inside the dispersive LMA fiber has been modeled
using the split-step method proposed by G.P. Agrawal [61]. Our model accounts for dispersion at
all orders coming from the grism-based stretcher and from the fiber, for Kerr self-phase modulation,
self-steepening and Raman scattering coming from fused silica third order optical nonlinearity
inside the fiber core. At the largest energy level that has been achieved experimentally (i.e. 1 nJ at
the fiber exit), the calculated total nonlinear phase-shift amounted to 3.7 radians meaning that
nonlinear effects do have some impact. At this power level we have observed numerically and
experimentally a noticeable spectral compression at the fiber exit amounting to 18% of the initial
spectral width. However the compressed pulse duration does not increase proportionally as it would
be the case for a Fourier limited compressed pulse. For a 1-nJ-pulse exiting the LMA fiber, the final
duration increases to only 27.4 fs corresponding to a 3%-increase with respect to the linear regime.
In presence of nonlinearity the calculated peak power amounted to 26 kW. This can be understood
as follows; because it acts upon negatively chirped pulse, nonlinearity removes frequencies in the
spectrum wings resulting in spectral narrowing [142] instead of more common spectral broadening
when acting upon unchirped pulse. Those lateral spectral components are more affected by FOD.
That is why by removing the spectral components that are affected the most by FOD, nonlinearity
somehow tends to reduce the negative impact of FOD. Simulations reveal that self-steepening has a
negligible impact while Raman scattering induces slight spectral modulations in the summit of the

spectrum without modifying the pulse shape in a noticeable manner. As a conclusion we can
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confirm that the system is weakly influenced by nonlinearity of a LMA fiber. The scalability of the
device to higher energy levels and the use of more nonlinear fibers with smaller core such as

standard SMF will be discussed below.

¢2.2. Delivery of 18 fs nanojoule pulses by large mode area photonic crystal fiber

In this section a very compact system for femtosecond pulse fiber delivery from wideband laser
sources is experimentally demonstrated. Pulse fiber delivery pre-dispersing technique is developed,
using large mode area photonic crystal fiber and grism line. Simultaneous control of SOD and TOD
is realized by the compact grism line. 18 fs nanojoule pulse at the output of 2.7 m LMA fiber is
demonstrated. To our best knowledge, obtained 18 fs pulse is the shortest pulse ever delivered
directly by an optical fiber. 18 fs pulse durations were achieved by using a grism compressor. We
used also conventional polarization maintaining single mode fiber (PM-SMF) to compare with
LMA. For both fibers we adjusted the distance between the grisms to produce the shortest possible
output pulses. Under similar conditions, a standard SMF delivers pulses about 10 fs longer than
those delivered by LMA.

We started from a commercial femtosecond Ti: Al,O3 oscillator (MICRA from COHERENT,
Inc.) having the following parameters of radiation: adjustable spectral bandwidth from 20 nm to 110
nm; 80 MHz for the repetition rate; 400 mW average power; 805 nm central wavelength in case of
110 nm bandwidth; central wavelength tunable in the range of 750-850 nm @ 20 nm bandwidth;
rectilinear polarization within the setup plane. At the direct output of the MICRA oscillator the
pulse is not compressed. However it is rather negligible with the dispersions induced later by the
grism-based stretcher and by the fiber. The pulses emitted by this femtosecond source were
negatively stretched by our grism-based stretcher that was made of two home-assembled grisms
before being launched into the delivery fiber (see Fig. 2.2.1.). Each grism was composed of a 40°
antireflection coated BK7 (ref. H-K9L from Union Optics) prism separated by a 30 um air gap from
a 600 grooves/mm gold coated blazed diffraction grating from Richardson Gratings (ref.
53066BK02-351R). The stretcher had a net energetic efficiency amounting to 36% (i.e. 78% for one

grism) for an incident rectilinear polarization within the setup plane. The total spatial footprint of
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the device is equal to 100 cm? square. Then light was launched into a 2.7 meter long endlessly
single-mode LMA fiber from THORLABS, Inc. (ref. LMA-20) that has been cleaved by ourselves.
A self-made cleave mostly produces a small angle (1-2°) between the normal of the fiber input face
and the incoming beam, which deflects the reflected beam enough to not disturb significantly the
oscillator anymore. For this reason there was no isolator within the setup. Nevertheless, we have
never had problem of reinjection in the oscillator. The pure fused silica core of the LMA fiber had a
mode field radius equal at 1/e to 8.3 pm (i.e. an effective mode field area equal to 215 pm?) with a
low numerical aperture equal to 0.04 @ 780nm. An achromatic lens with f = 15 mm focal length
served to inject light into the fiber with a coupling efficiency amounting to 68% at best. The LMA
was not polarization maintaining but it was slightly birefringent. A half-wave plate was located
before the fiber in order to excite only one polarization mode. At the exit the polarization was
approximately rectilinear. The fiber bending radius was equal to 30 cm so that the fiber
transmission was close to 100%. As a result, the energy of the pulse that exited the fiber could reach
at best 1 nJ. After the fiber a noncollinear second order autocorrelator with a 10-um-thin doubling
crystal and an interferometric autocorrelator with a two-photon-absorption photodiode were used
for temporal characterizations while an optical spectrometer performed simultaneous spectral
analysis. Coherent pulse measurements were also performed by using time resolved spectral
interferometry through the SPIRIT technique [57] that has been specially adapted to broadband
pulses. During our experiment for comparison besides LMA fiber we used also conventional PM-
SMEF. First we will discuss the results obtained with the LMA fiber.

Experimental setup is shown in Fig.2.2.1. It consists of three main parts: laser source,
dispersive element, delivery fiber. The best result that we have obtained experimentally is reported
in Fig. 2.2.2, proving the delivery of pulses having sub-20-fs duration and 1-nJ energy at the direct
exit of a 2.7-meter-long LMA fiber. The corresponding output spectrum width was equal to 51 nm.
The actual time-bandwidth product amounted to 0.46 assuming Gaussian shape pulse. The Fourier-
transform limited pulse having the same spectrum and the same energy (i.e. 1 nJ) would correspond
to 48-kWpeak power. We have estimated that the pulse peak power was in the range of 30-40 kW.
The previous pulse duration is notably smaller than calculation predictions (see Fig. 2.1.2. (c)). This

could be explained perhaps by the fact that our broadband oscillator (MICRA from COHERENT,
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Inc.) could deliver highly chirped pulses. There exists a specific laser operation regime during
which a large positive FOD imparts the emitted pulse. In this situation the oscillator could

contribute to strongly reduce the uncompensated FOD of the whole system.

>

Ti:Sa oscillator Stretched
800 nm 20-110 nm pulse
80 Mhz 0.4 W

O Grism-pair .

LMA stretcher -

fiber compressor

Compressed
pulse

Fig. 2.2.1. Experimental setup. The system was composed of three main elements: a Ti:Sa
femtosecond oscillator, an anomalous stretcher made of two antiparallel grisms each of them being
the assembly of a prism in close contact with a reflective diffraction grating, and a 2.7- meter-long
large mode area microstructured (LMA) fiber. The stretcher was adjusted so that the pulse was
optimally compressed at the direct exit of the LMA fiber. The main freedom degrees are 6,

Lprisn=0OT2 and L+jp=0T1; CM = cut mirror; M = plane retro-reflecting mirror.

T 8 -
= d = b

B 6 =

g 5 4 3015 015 3 ‘,:-?5

2 z2 g

LERED) 5=

TE° EE

0 o S 8

E| E U . l 1 1 8 .
5 -180 -120 -60 0 60 120 180 = -180 -120  -60 0 a0 120 180
= G

Time (fs) Time (fs)

Fig. 2.2.2. (a) Interferometric autocorrelation (inset: central part of interferometric autocorrelation)
and (b) intensity autocorrelation indicate very short durations for 1 nJ pulses at the direct exit of a
2.7-meter-long LMA fiber. Both of the two autocorrelations are related to sub-20-fs (FWHM)

duration (respectively 17.8 fs or 19.9 fs for secant hyperbolic square or gaussian shape pulses).
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During more common operation regimes (e.g. just after cleaning and/or readjusting the laser cavity)
the oscillator FOD returns to moderate values so that this contribution vanishes. In those more usual
and more reproducible cases, we have measured sub-30-fs pulses accordingly to what was predicted
by the model (see Fig. 2.1.2.(c)). The compressed pulse duration was equal to 29 fs (FWHM) what
corresponded to 0.65 for the time-bandwidth product. The compressed pulse duration was equal to
29 fs (FWHM) what corresponded to 0.65 for the time-bandwidth product. Coherent pulse
characterization is done using SPIRIT apparatus which will be described in more details in the next
section.

At the direct exit of the laser, the initial spectrum width was 71 nm. After the grism stretcher it
was 62.5 nm. At the LMA fiber exit, in case of low power the bandwidth was equal to 62.5 nm,
while in case of high power it was reduced to 51 nm (see Fig.2.2.3.(a)) corresponding to 18%
spectral compression. In order to study the spectral compression inside the LMA fiber, we have
registered bandwidths for different power levels at the exit of the LMA fiber. Spectral compression

is clearly seen on Fig.2.2.3.(b).
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Fig. 2.2.3. (a): Spectral densities at the oscillator output (dotted line), at the grism-stretcher output
(dashed line) and at the LMA-PC fiber output (solid line) for 1 nJ pulses. For those three locations
the bandwidths were respectively equal to 71 nm, 62.5 nm and 51 nm. Grism stretcher filtering and
spectral compression coming from nonlinear propagation inside the fiber are the reasons for
bandwidth variations. (b): Pulse duration and spectral bandwidth at the output of the 2.7-meters-
long LMA fiber as a function of output power. Triangle and square represent experimental

measurements while solid lines relate to calculations.
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The red-shifting filtering effect introduced by the grism-stretcher (see Fig.2.2.3.(a)) can be
attributed to the grating spectral transmission. At low power, the spectrum exiting the fiber is close
to the one at the fiber input. It proves the high spatial quality of the beam exiting the grism-stretcher
which is exempt from spatial and angular chirp.

The MICRA oscillator which is bandwidth adjustable offers the opportunity to investigate the
influence of the initial spectral bandwidth. We measured pulse durations and profiles for different
spectral bandwidths: 110, 100, 90, 80, 70, 60, 50, 40, 30 and 20 nm. We were trying to find an
optimum in term of main lobe duration, but also satellite lobe contribution (as less as possible). Fig.
2.2.4 shows the corresponding spectra and autocorrelations traces. For narrow bandwidths,
dispersion is easily compensated leading to clean Fourier transform limited compressed pulses. In
this case the pulse is long (i.e. 55 fs @ 20-nm-bandwidth). For broad bandwidths, time aberrations
coming from uncompensated FOD distort the signal which contains satellite pulses. The shortest

autocorrelation duration has been obtained in case of 70 nm spectral bandwidth.
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Fig. 2.2.4. (a) — spectra after oscillator, (b) - autocorrelations traces.

The influence of the variation of bandwidth at a constant 820 nm carrier wavelength is presented in

Fig. 2.2.5. The duration measurements are done at FWHM (Fig.2.2.5(a)) and at 10% from the

ground (Fig.2.2.5(b)), to take into account the satellite lobe contribution.
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Fig. 2.2.5. Registered pulse durations vs. the spectral bandwidth: (a) - pulse durations at FWHM,

(b) -pulse durations at 10% from

the ground.

Another way to underline the satellite lobe contribution is the calculation of Strehl ratio for the

beams. Strehl ratio is the ratio between the surfaces of the main lobe divided by the total surface of

the autocorrelation trace. Fig.2.2.6 illustrates Strehl ratio calculated with the frontier at 2*FWHM.
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Fig. 2.2.6. Strehl ratio vs. the spectral bandwidth calculated at 2*FWHM.

We have measured also the nonlinear signal from two photon photodiode in case of constant

average power (Fig.2.2.7). This curve gives the optimum at 50 nm and shows that proposed pulse

delivery system does not require wideband sources.
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Fig. 2.2.7. Nonlinear signal from two photon photodiode.

Carrier frequency tuning of our fiber delivery system has also been investigated. This study has
been performed working with 20-nm-bandwidth pulses what allowed us to tune the carrier
wavelength over 100 nm (see Fig.2.2.8). This wide tunability is an advantageous feature namely
towards biomedical applications for which optimization of operating wavelength is an important

issue. The optimal carrier wavelength in terms of pulse shortness appeared to be equal to 820 nm.
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Fig. 2.2.8. Output pulse duration as a function of carrier wavelength varying across the full
tunability range (i.e. 100 nm) of our MICRA-5 oscillator when adjusted with 20-nmbandwidth. The
tunability of our femtosecond fiber delivery system expands across more than 100-nm-bandwidth

from 750 to 850 nm.

Despite the advantageous feature of being weakly nonlinear because of their large core, LMA
fibers offer poor spatial resolution when used inside an imaging device such as a multiphoton

endomicroscope. This is true for air-silica microstructured LMA fibers and also for higher-order-
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mode LMA fibers that were also successfully involved in powerful femtosecond pulse fiber
delivery demonstrations. From the point of view of spatial resolution, standard single mode fibers
(SMF) with small fundamental mode size could be preferred. In order to prove that our dispersion
compensation scheme also brings benefits with this kind of more nonlinear fibers, we replace the
LMA fiber by a standard single mode fiber having 6- um-mode field diameter corresponding to 28-
um?-mode effective area. This type of fiber is approximately 7 times more nonlinear than the LMA-
20 that was used during our previous experiments, while its SOD is 1.2 times greater (i.e. 3,=+392
fs?/cm; Bs=+320 fs*/cm and Bs~-150 fs*/cm @ 820 nm). For a 1-nJ-energy 25-fs-duration pulse
propagating in it, the nonlinear length is LNL = 6 mm what leads to Lp = Ly.. Dispersion is still
mitigating nonlinearity but in a smaller extent than in the case of LMA fiber where Lp << Ly.
Some nonlinear spectral compression is now predicted at the SM fiber exit. However it is much
smaller than in the case of narrowband pulses which relate to Lp >> Ly.. For this reason, we have
obtained short compressed pulses at the output of the SM fiber too. By using a 2.7-meters-long
standard polarization maintaining single mode fiber (PM-SMF), in case of 820nm carrier
wavelength, for a 60-nm initial bandwidth and 80-mW power injection (i.e. 1-nJ energy delivered
pulse) we have recorded autocorrelation with 39-fs-duration corresponding to Gaussian pulse with
28-fs-duration (see Fig.2.2.9) consequently 10 fs longer pulse in comparison with LMA fiber. In

this situation spectral compression inside the standard SMF amounted to 36%.
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Fig. 2.2.9. Pulse delivered at the output of a 2.7-meters-long standard PM-SM fiber.
Interferometric (a) and intensity (b) autocorrelations are both related to 28-fs-duration

(FWHM) pulse having 1-nJ-energy.
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As in case of LMA fiber, the shortest pulse durations were measured during the particular operation
regime during which the laser oscillator brought a non-negligible contribution to FOD. Without this
favorable circumstance we have obtained 32.5-fs-duration pulses having 1- nJ-energy. Comparison
between LMA and PM-SM fibers and scalability to higher power levels are evidenced on
Fig.2.2.10. With the standard SMF spectral compression is much stronger (see Fig.2.2.10 (b)) and
the pulse is longer with a more complex shape (see Fig.2.2.10 (c)). However it is worth noticing
that even at energy levels as high as 2.5 nJ the pulse duration is still much smaller than 50 fs at the

output of the standard SMF.
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Fig. 2.2.10. (a): Measured pulse duration as a function of output average power at the output of a
2.7-meter-long fiber, squares with a standard PM-SM fiber, circles with a LMA fiber. Solid lines
are corresponding calculations (for the standard SMF and for the LMA SMF). (b): Calculated
spectra at the fiber exit for 200 mW average power @ 80 MHz (i.e. 2.5 nJ). Spectral compression is
much stronger in the standard SMF which has increased nonlinearity. (c): Calculated pulse temporal

profiles. LMA SMF gave a cleaner and brighter pulse.

Also we have studied the spectral compression/ broadening and the pulse duration vs.
dispersion variation in the grism line. Fig. 2.2.11 shows that the maximal spectral compression
point and the maximal pulse compression point are shifted from each other. Maximal spectral

compression is inside the fiber, when the pulse duration is minimal.
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Fig. 2.2.11. Spectral bandwidth and pulse duration vs. grism’s separation.

Thus, our comparison of LMA and PM-SMF fibers shows that obtained pulse durations are not
so far (only 10fs difference), therefore SMFs are more preferable, because of the following
properties of LMA fibers: LMA fibers require the special cleaving procedure, these fibers are
sensitive to the bendings, the beam size is large which means that the process of delivering require
special optics and finally LMA fibers are much more expensive than standard SMFs.

In conclusion, we have numerically and experimentally demonstrated an efficient femtosecond
fiber delivery setup with improved fiber dispersion precompensation thanks to a high throughput
grism-pair stretcher. Sub-30-fs-duration 1-nJ-energy pulses were compressed at the direct exit of
2.7-meters-long large mode area fiber. The proposed device that involves only readily available
commercial components is compact in addition of being wavelength tunable over a 100-nm-
badwidth around 800 nm. Large mode area fibers gave the best performances in terms of pulse
shortness and brightness. But surprisingly standard single mode fibers also gave short and powerful
pulses despite their increased nonlinearity. It is also highlighted that the proposed pulse delivery
system does not require wideband sources (more than 40 nm). With the additional dispersive device
(Dazzler, Fourier phase shaper), which can control fourth and fifth orders of dispersion, a few
femtosecond transform limited pulse delivery can be realized by the proposed scheme. This task is
the one of the subjects of our future studies. Our final objective is to apply this technique to

nonlinear endomicroscopy.
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¢2.3. Spatial light modulator based pulse shaping and compression

In the last section a very compact system for femtosecond pulse fiber delivery was
demonstrated. Pulse fiber delivery pre-dispersing technique was developed, LMA fiber and grism
line. It was demonstrated that by simultaneous control of SOD and TOD by the compact grism line
it is possible to obtain 18 fs pulses at the output of 2.7m LMA fiber. To go further and obtain more
compressed pulse, we decided to put SLM inside the grism line (see Fig. 2.3.1) and compensate the

high orders of dispersion. This experiment is done together with the Claire Lefort.

Fig. 2.3.1. Picture of the setup with the SLM inside the grism line.

We were using the SLM-640 liquid crystal modulator arrays, which provided independent
control of each element in a linear array of 640 pixels. The arrays are 5 mm high, and the pitch is
100 um, resulting in total array apertures of 64 mm for SLM-640 models.

Single-array models are configured at the factory for phase or amplitude modulation, while
dual-array models consist of two precisely aligned modulators, providing a unique and convenient
method for simultaneous modulation of both the phase and amplitude at each pixel. The patented
dual-mask configuration can operate either as a phase and amplitude modulator of specifically

polarized incident light or as simply a phase modulator of arbitrarily polarized incident light. The

-74-



three modulation schemes can operate in either transmissive or reflective mode. The reflective
mode is enabled by replacing the output polarizer with an optional mirror, which causes light to
pass through the system twice, and thus doubles the optical action of the modulator.

The SLM optics use nematic liquid crystal to alter the phase or polarization state of light. The
basic principle is that the liquid crystal material provides an electrically variable index of refraction
for light that is polarized along the crystal’s extraordinary axis. Light polarized along the orthogonal
axis, termed the ordinary axis, does not see a change in refractive index with voltage.

The phase (P) models of the SLM modulate phase at each pixel by introducing light that is
polarized along the extraordinary axis. This is shown in Fig.2.4.2 (a). A polarizer at the output of
the SLM removes any residual vertically polarized light to ensure the device operates as a pure
phase modulator and does not alter the polarization state of the beam.

The amplitude (A) models modulate intensity at each pixel by introducing light through a
horizontal polarizer, then into a liquid crystal cell whose extraordinary axis is at 45 degrees, so it
acts as an electrically variable wave plate, to transform the polarization state of light. The light then
passes through as exit polarizer that analyzes the polarization state and thus effects an intensity
modulation as the wave plate varies over the range from zero to one-half wave. This is shown in

Fig.2.3.2 (b).
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Fig. 2.3.2. (a) - Phase modulation transmissive mode, (b) - amplitude modulation transmissive
mode.
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The dual (D) models use a patented arrangement where a pair of liquid crystal masks is bonded
together in precise pixel registration and proximity of 1.03 mm. The masks are oriented orthogonal
to one another and 45 degrees to the polarization of incident light. To the extent that the aligned
pixels vary together (common-mode signal), the phase is modulated. To the extent that these pixels
differ (differential signal), the polarization is altered. Hence, this arrangement provides a way to
independently alter phase and intensity (amplitude). This is shown in Fig.2.4.3. The dual-mask
SLM can also be used as a pure phase modulator for arbitrarily polarized light by removing the
entrance and exit polarizers and always driving both masks with the same patterns, so that the

differential signal is zero.
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Fig. 2.3.3. Phase and amplitude modulation transmissive mode.

Any of the three optical modulation schemes can be exploited in reflective mode, by placing the
optional mirror at the output face so the light passes through the system twice. In this case, the
polarizer at the entrance face acts as an entrance polarizer for light on its way into the SLM, and as
an exit polarizer or analyzer for light leaving the system. This doubles the optical action of the
SLM, and greater phase modulation is achieved.

As an electronic device, the liquid crystal modulator is fully controllable with either a control
programmable to load predefined patterns with values for each individual pixel or with high-level
drivers for Matlab or LabVIEW. LabVIEW was preferred because it offers drivers for most
equipment in the lab (such as spectrometers or power meters) and can therefore integrate parameters

for an automated feedback design. Also, it is able to use Matlab scripts, when simple and fast
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manipulation of data is required. LabVIEW is a graphical programming language in which devices
can be placed and connected with elements from a virtual instrument screen, the Front Panel, where
buttons, controls and graphs can be displayed. Data can be acquired, processed and sent back to the
device.

As it was mentioned above, by using the SLM we can have simultaneous modulation of both
the phase and amplitude. For our application, first we are looking for phase modulation by SLM to
compensate the high orders of dispersion. The second and third orders of dispersion are
compensated by the grism line. Thus we are inducing on the SLM the second, third and fourth
orders phases. The influences of the application of these phases on the SLM are checked by the
method of SPIRIT [56, 57]. SPIRIT is a passive and self-referencing pulse characterization
technique that will be discussed in more details in next section. SPIRIT gives the access to the

spectral phase of the pulse at the output of LMA PM fiber.

By the SLM we can apply the ¢, phase, where the index i is the order of phase. We are trying

to adjust the second, third and higher orders of dispersion and to obtain maximum pulse

compression at the exit of the fiber delivery scheme.

First of all we start by the second order phase. Without knowing the exact value of the phase
that should be applied, we applied all possible phases, which we are able to apply by SLM. In Fig.

2.3.4 we can see the examples of second order phases which were applied on the SLM.
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Fig. 2.3.4. Second order ¢, =0.004 rad/nm and @, =—0.004 rad/nm phases applied on the SLM.
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For the second order we have applied the phases in the range of [-0.004; 0.004] by the step of
0.0005 rad/nm™ to find the good value. For each value we have registered the corresponding
spectral phase. An analysis of each phase allows us to choose the value of the second order phase,
which gives the most possible flat phase after LMA PM fiber. After finding the good coefficient for
second order we pass to the third and fourth orders and we have done the same steps for these

orders too. In Fig. 2.3.5 we can see examples of third and forth order phases applied on the SLM.
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Fig. 2.3.5. Examples of third and fourth order phases applied on the SLM.

When we have found the good coefficients for each order of phases, by the next step we applied
all those coefficients on the SLM to have flatter phase.

Unfortunately our first results of spectral phase modulation were not successful and for lack of
time we stopped our investigations of the phase modulation. But we believe that we have identified
the causes of this failure.

In order to show the capability of the SLM to generate arbitrarily shaped pulses, some
examples, representing different applications, have been performed. Several examples of amplitude

modulations obtained by SLM are presented in Fig. 2.3.6.
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Fig. 2.3.6. Examples of modulated spectra.

For testing of the spectral shaping capabilities, triangular and rectangular functions were also

chosen to be shaped, since they are comparatively easy waveforms. Obtained spectra are illustrated
in Fig. 2.3.7.

-79-



ansity [a.u)

Inensty (.

L]
wanelenagth [nm|

Fig. 2.3.7. Shaping of rectangular and triangular spectra.

Spectral shaping can be interesting when information is transmitted in the spectrum of the
pulse, such as in optical communication.

In conclusion, to solve problems related to the uncompensated fourth order of dispersion, we
experimentally demonstrated the SLM based fiber delivery scheme, for this we introduce a SLM in
the grisms stretcher. This solution proved unsuccessful, but we believe that we have identified
causes of this failure and future more detailed studies will give us better results in view to obtain
shorter pulses at the output of LMA PM fiber. The capability of the SLM for arbitrarily shaped

pulses generation is demonstrated by amplitude modulation.
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Conclusion to chapter |1

1. We experimentally demonstrate a compact and efficient arrangement for fiber delivery of sub-30 fs
energetic light pulses at 800 nm. Pulses coming from a broadband Ti:Sapphire oscillator are
negatively prechirped by a grism-pair stretcher that allows for the control of second and third orders
of dispersion. At the direct exit of a 2.7-m long large mode area (LMA) photonic crystal fiber 1-nJ
pulses are temporally compressed to 18 fs producing close to 30 kW of peak power. The tunability
of the device is studied. Comparison between LMA fibers and standard SMF fibers is also

discussed.

2. Evolution of the stretcher-compressor system was experimentally tested. We introduced a spatial
light modulator in the grisms stretcher. The goal is to obtain more compressed pulses at the output
of the LMA PM fiber. Unfortunately this solution was unsuccessful, and we have identified causes
of this failure. To go further, it would be necessary to improve the system to have access to the
complex phase by removing the limitations, which were related mainly to the low spectral
resolution of the devices and the existence of spatial dispersion effect. The capability of the SLM

for pulse shaping was demonstrated by amplitude modulation.
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CHAPTER II1I.

WIDEBAND SPECTRAL INTERFEROMETRY RESOLVED IN TIME

During the past decade, continuous progress in the field of ultrashort pulse generation has lead
to pulse durations below 10 fs in the visible and near-infrared spectral range [143]. These ultrashort
pulses have been generated with a variety of different techniques, namely optical parametric
amplification [144], compression of continua generated in either single-mode fibers [145] or
hollow-core optical waveguides [146], second-harmonic generation, and directly from Ti:sapphire
laser oscillators [147]. Despite the variety of methods, all these sources exhibit rather complex
spectral and temporal structures, making characterization of their pulses a demanding task.

The main difficulty for the measurement of ultrashort optical pulses lies in the fact that in the
optical spectral region only time-integrating or energy detectors exist. Even the fastest electronic
detectors have response times that are orders of magnitude longer than state-of-the-art pulses.
Therefore, all pulse characterization schemes have to build on slow detectors.

Classical pulse characterization relies on autocorrelation [31, 32]. Simple autocorrelation
measurements, however, are often found not to be accurate and reliable enough in the sub-10-fs
pulse duration regime. Even for only determining the duration of a pulse, simple autocorrelations
are found to fail in the sub-10-fs pulse duration regime. The temporal parameters have usually been
obtained by fitting an analytical pulse shape with constant phase to the autocorrelation data. The
particular fitting function is motivated by theoretical models of the pulse formation process. For
those passively mode-locked lasers, for example, that allow for parabolic approximation of these
formation mechanisms one expects a sech® temporal and spectral pulse shape. For lasers obeying
such a model the a priori assumption of a theoretically predicted pulse shape is well-motivated and
leads to good estimates of the pulse duration. Therefore, autocorrelation is still a good standard
diagnostic method.

In the sub-10-fs regime, however, theoretical models have to consider higher order effects and
thus become more complicated. In this case, no simple analytical pulse shapes can be expected.
Experimentally, this situation is clearly indicated by more complex pulse spectra, deviating from

the ideal sech? shapes predicted by simpler models. Additionally, even after dispersion
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compensation, broadband pulses usually deviate from the ideal transform-limited pulse. Chirped
mirrors, for example, lead to a sinusoidal modulation of the spectral phase that cannot be
completely compensated by conventional techniques. Although the resulting pulses can be close to
the transform limit, they are distorted by the uncompensated phase structure.

For a more precise measurement with larger information content, several methods have been
proposed allowing for a reconstruction of pulse amplitude and phase from measured data only.
Every characterization technique reported presents particular assets and drawbacks.

Among the characterization methods supplying a complete description of the pulse (spectral or
temporal amplitude and phase), two well-established techniques, FROG [40-42] and SPIDER [49]
are more commercially available and widely spread. FROG is based on the spectral measurement of
the pulse autocorrelation, as a function of delay. The pulse information is converted into a time-
frequency representation, demanding an iterative algorithm in order to retrieve the pulse features.
Advanced versions of FROG offer simpler optical set-ups and improved specifications, the case of
GRENOUILLE (GRating-Eliminated No-nonsense Observation of Ultrafast Incident Laser Light E-
fields), or modifications related to the nonlinear effect used [148].

On the other hand, SPIDER and its variations are based on spectral shearing interferometry.
Unlike the previous schemes involving iterative algorithms, SPIDER provides complete real-time
characterization of ultrashort optical signals. Since the interference of two spectrally sheared pulses
contains the information about the original spectral phase, contributions to the phase other than the
absolute phase and delay can be retrieved. To this goal, in SPIDER setup, a couple of replicas of the
input pulse are first delayed in time with respect to one another. Next, these two replicas interacting
with a stretched copy of the original pulse produce a pair of identical frequency-sheared pulses
through a nonlinear up-conversion process. The frequency shear between the up-converted pulses
depends on the delay introduced between the initial replicas and on the dispersion of the stretched
pulse. Finally, the spectral interference fringes due to the coherent sum of the up-converted pulses
are measured with a spectrometer.

SPIRIT (SPectral Interferometry Resolved In Time) [56-58] is a different characterization
method, also based on spectral shearing interferometry, and passive and self-referencing as well.
SPIRIT has shown to be suited to a variety of pulse and experimental conditions, such as the

measurement of single pulses or high repetition rate trains. A two-dimensional interferogram
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development, 2D-SPIRIT, offers a direct and intuitive characterization of short pulses. As it will be
explained in detail below, in SPIRIT, the frequency shift between the spectra of the two replicas of
the input pulse is based on a geometrical shear, and it does not depend on the frequency up-
conversion process. In our technique the nonlinear effect is used only for temporal gating.

The knowledge of the pulse shape and/or phase is in certain experiments needed for the full
understanding of the interactions in a medium under investigation. Several examples clearly
demonstrate the need for accurate amplitude and phase characterization techniques. We have
developed and analyzed such methods for measuring ultra broadband pulses in the sub-10-fs pulse

duration regime.

¢3.1. Pulse measurement by time-to-frequency conversion with a quadratic nonlinearity

In this section we demonstrate a new method of aberration-free time-to-frequency conversion
through temporal lensing in a wave-mixing process, for the spectrotemporal imaging (STI) and
femtosecond pulse direct, real-time measurement. The nonlinear-spectronic reference pulse, self-
shaped in a SMF, makes our technique a self-referencing one.

We report on studies aimed at designing a femtosecond optical oscilloscope / decoder of sub-
PHz service band based on spectral imaging of pulse temporal profile through an aberration-free
temporal lensing / spectral compression (SC). In the last decade, temporal Kerr lensing / SC
demonstrated promising applications to signal analysis-synthesis problems in ultrafast optics, and
particularly for time-to-frequency conversion and direct, real-time femtosecond pulse
measurements. High order nonlinear (NL) and dispersive (D) effects, accompanying the
femtosecond pulse self-phase modulation in fiber, lead to Kerr lens "aberrations” in SC. The cross-
phase modulation technique of SC serves for the aberration-free temporal lensing with specially
shaped reference pulse, involving the problems to differentiate the signal and reference radiation by
frequency or polarization, to avoid the walk-off pulses, etc. We demonstrate a new method of
aberration-free time-to-frequency conversion through optical frequency inter-modulation in a

quadratic nonlinear process instead of self- or cross-modulations.
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The principle of our method is following: we split the radiation under test (with the

A, (t) complex temporal envelope) into low- and high-power parts. We direct the low-power pulse
to a DDL with negative dispersion, to dispersively stretch the pulse under test (resulting in A, (t) ).

We inject the second high-power pulse into a single-mode fiber, to have a NL+D self-interaction of

the pulse, and shape a sub-parabolic reference pulse (A, (t)). The nonlinear-spectronic nature of

such a pulse makes its chirp linear and independent of the initial pulse parameters: only the fiber
dispersion determines the chirp slope, and so the technique becomes a self-referencing one.
Moreover, in the NL+D interaction process the pulse and spectrum become parabolic at their central
energy-carrying parts. In both paths of setup, we have linearly chirped pulses, for which the pulse
temporal profiles repeat the spectral ones, and so, we have time-to-frequency conversion for these
pulses (with an accuracy of ~1/stretching factor). It permits to check qualitatively and control these
D and NL+D processes. Afterwards, we direct these two pulses to a nonlinear crystal for non-
collinear sum-frequency generation (SFG), and so multiply the complex fields:
Ay (1) o Ay () x A (1) (3.1.1)
The chirp cancellation, under the condition of a constant reference pulse during the stretched signal,
results in spectral compression, and time-to-frequency conversion:
Sout (@) < 1, (1) (3.1.2)
In the experiment, we use a Coherent Verdi V10+Mira 900F commercial femtosecond laser
system with the following parameters of radiation: 100 fs pulse duration, 76 MHz repetition rate,
1.6 W average power, 800 nm central wavelength. At the input of the SFG-STI system (Fig.3.1.1),
we shape the pulses under test and measure them by a standard autocorrelator (APE PulseCheck).
Afterwards, we split the radiation under test into two parts by means of a beam splitter (80% +
20%). As a D-line, we use the SF11 dispersive prism pair (DP) with a reverse mirror (M). We form
a nonlinear-spectronic similariton, as a reference pulse with a parabolic phase, in a piece of standard

single-mode fiber (SMF) (Newport F-SPF at 820 nm). For non-collinear SFG, we use £ -barium

borate (BBO) type 1 (0oo—e), 0.1 mm thick crystal, with 800 nm operating wavelength (6=29.2°,

¢ =0°). To observe the spectral compression and STI, we measure the SFG spectrum at the output
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of the system by the optical spectrum analyzer (OSA) Ando AQ 6315. Along with it, we also

measure the spectra at the entrance of the SFG crystal.

output

1

BBO
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input —> 7

Fig. 3.1.1. Schematic of the SFG-STI setup.

Concerning the details of our experiment, first we widen and well collimate the laser beam at
the input of the STI setup using a 5x telescope to avoid diffractive distortion of the beam.
Afterwards, we carry out shaping of the pulse to be measured. We shape the pulses in three
different ways. First, we simply place a thin glass plate in front of a part of the widened laser beam.
The part of the beam passing through the glass plate obtains a time delay with respect to the other
free-propagated part. This way we shape pulses with two- or three-peak structures. Moving the plate
along the vertical axis, we adjust the power proportion. The thickness of the plate determines the
time delay between the peaks. Second, a more traditional way for two-peak pulse shaping is the use
of a Michelson interferometer. One arm of the interferometer is slightly longer than the other one;
the difference gives the peak separation in time. Finally, we shape pulses by spectral phase masking
in the spectrometer scheme which was discussed in Chapter I. This way we shape pulses with
complex substructure.

When directing the radiation into our SFG-STI system, we split it with a beam splitter and
inject the powerful part (80%) into the SMF; the low part we direct to the DDL. We slightly shift
the back beam in the vertical plane by the reverse mirror of DDL, and direct it to the nonlinear BBO
crystal for the SFG interaction with the beam from the fiber. We inject the radiation into the fiber
and then collimate the beam after it by means of 10x microscope objectives (MOs). The beams

from the DDL and fiber are approximately at a distance of 1.5 cm from each other. We focus these
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two beams on a spot in the BBO crystal by a lens (L) with a 14 cm focal length. We record the
spectrum of the resulting radiation with the OSA. To equalize the optical paths of the beams in the
D-line and the fiber, we adjust the distance between the second DP and reverse mirror M of the
DDL. First, we manage this by taking the feedback of the spectral interference pattern of two pulses
at the OSA: we look for the maximal fringe period. Then we search for the central wavelength of
the SFG signal. To achieve full chirp cancellation for a correct STI, we carry out fine adjustment of
the prism separation for the given length of fiber and check the SFG spectrum for the maximal SFG
spectral compression. We also carry out spectral measurements at the input of the BBO nonlinear
crystal to check the fulfillment of the conditions necessary for spectral compression and FT and
STI: the spectrotemporal similarity of the spectronic stretched signal and the nonlinear-spectronic
reference allow us to check their temporal profiles via spectral measurements.

Fig. 3.1.2, with the experimental spectrograms, illustrates the performance of our method for a
two-peak pulse shaped at the input of the system. First we make an autocorrelation measurement to
check our shaped pulse. Afterwards, we measure the spectra of the stretched signal and self-shaped
reference pulses to have an idea of their temporal behavior. One can see that despite the initial two-
peak structure, the formed nonlinear-spectronic similariton obtains a bell shape with the tendency to

be parabolic at the central energy-carrying part.
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Fig. 3.1.2. Performance of the STI through parabolic temporal lensing in SFG.
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Fig. 3.1.3(a) shows the images of the pulses stretched in glasses with different thickness.
Comparison with the relevant autocorrelation tracks (on the right) shows a reasonable accordance.
Figures 3.1.3(b)- 3.1.3(d) and 3.1.3(f) present the spectral images of two-peak pulses in the 12x,
2.5%, and 1.2x regimes of the spectral compression: the pulse and image autocorrelation tracks
coincide practically for all regimes. In Fig. 3.1.3(e) the spectral image of the pulse with a

substructure is shown: the pulse and image autocorrelation tracks are in quantitative accordance.
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Fig. 3.1.3. STI of different pulses: (a) pulses stretched in glasses with different thickness; (b), (c),

(d), (f) two-peak pulses in the 12x, 2.5x%, and 1.2x regimes of spectral compression; (e) pulse with

substructure. On the right, autocorrelation tracks of the signal pulses and their images are shown.
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The principal resolution of the method is conditioned by the bandwidth of the reference pulse.
Along with it, the spectral resolution of the spectrometer, which is 0.05 nm in our case, can also
restrict the temporal resolution of our measurements. We have higher resolution in the case of a
broadband spectral image, i.e., in the case of a small ratio of spectral compression. The advantages
of the proposed technique are:

. it is free of demand to differentiate the reference and signal radiation by frequency or
polarization,

. it is self-referencing (by the self-shaping of sub-parabolic/nonlinear-spectronic reference pulse),

. it permits to follow up the process steps (by spectrotemporal images of D and NL+D

interactions of the pulse).

In conclusion, we have proposed and experimentally demonstrated a new method of aberration-
free time-to-frequency conversion through temporal lensing by wave mixing process. This all-
optical time-to-frequency imaging allows direct, real-time pulse characterization on the
femtosecond time-scale. The self-shaping of the reference pulse in a SMF makes our technique a
self-referencing one. The reference and signal pulses interact with each other in SHG nonlinear
crystal. The spectral profile of the non-collinear SFG repeats the initial pulse temporal profile. For
this technique there are no principal restrictions on the reference pulse polarization and wavelength.

Experiments on imaging simple and complex femtosecond pulses’ by our technique show a
good agreement between the measured and calculated autocorrelation tracks. The registered image
is reliable in a wide range of intensity variation. Using a non-collinear interaction of the signal and
reference pulses in nonlinear crystal allows background-free registrations. The separated D-line and
NL+D media in the spectral compressor allow us to follow up and control the pulse imaging

criterions by spectrotemporal images of the pulses passed through.
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¢3.2. SPIRIT for characterization of few-cycle femtosecond pulses

SPIRIT (SPectral Interferometry Resolved In Time) is a characterization method, based on
spectral shearing interferometry, and passive and self-referencing as well. Different SPIRIT
configurations have shown the method to be convenient either for measurement of single pulses or
high repetition rate trains [56, 57]. Also, 2D-SPIRIT offers a direct and intuitive characterization of
ultra-short pulses [58]. As will be explained in detail below, in SPIRIT, the frequency shift between
the spectra of the two replicas of the input pulse is based on a geometrical shear, and it does not
depend on the frequency up-conversion process. The SPIRIT measurement is independent of the
input pulse, in contrast to SPIDER [49], where the frequency conversion stage may depend on the
pulse initial features, namely on its chirp. The SPIRIT arrangement is avoiding the use of expensive
or intricate tools, such as the streak camera required for implementing SORBETS [54].

In this section, we present a version of SPIRIT for measuring very large spectral bandwidth
pulses, Wideband-SPIRIT. The principles of Wideband SPIRIT and its configuration aiming at the
characterization of pulses with just a few femtoseconds duration and a broad bandwidth are
described in detail. Furthermore, the data processing allowing few-cycle pulse complete
characterization are briefly explained, and experimental results are presented.

This experiment is done together with the Lluis Martinez-Le6n and Tigran Mansuryan.

3.2.1. General description of SPIRIT

In describing the principle of SPIRIT, first one should create two delayed replicas of the tested
pulse. These replicas are sent with a slight angle difference onto a spectroscope that displays two
slightly shifted in space identical spectra. At each point of the spectral axis two different
frequencies o and @+ Aw interfere leading to temporal beatings, whose phases depend on the

tested pulse spectral phase distribution. The resultant instantaneous distribution I(a),t) collected at

the exit of the spectroscope can be written as
|(,t) = |E(a))|2 + |E(a) + Aa))|2 + 2|E(a))>< E(w+ Aa))| x cos(Aat + o7 + ¢'(0)Aw) (3.2.1)
@ is the frequency and t is the time. E(a)) denotes the electric field of tested pulse. Aw is the

spectral shear introduced between the two replicas. 7 is the temporal delay. ¢'(w)= dp()/do is
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the derivative of the spectral phase @(w) of the pulse under test (¢'(@)Aw = (o + Aw)— o(w)).
For the following step, one needs to have (). The problem is that I(w,t) cannot be measured

with a slow integrating detector, because the beating time period 27 /Aw is typically in the range
of few picoseconds. In order to avoid the use of an expensive streak camera, SPIRIT is taking a
time sample of the space-time interference pattern using a nonlinear time gating technique. For this
purpose a fraction of the initial ultrashort pulse has been extracted at the input of the setup. At the
exit this non-dispersed ultrashort pulse is used for time gating so the method is passive and self-
referencing. The gate pulse is synchronously mixed with the space-time beatings inside a type |
nonlinear crystal. The nonlinear crystal is set for non-collinear sum-frequency generation leading to
a second harmonic signal, which is the time sample of the studied space-time beatings. Along the
spatial coordinate, the sampling step can have two configurations: (i) the spectral components can
be sampled one by one using a localized gate (in time and space) or (ii) the spectral components can
be sampled simultaneously using a spatially extended gate. In our case, we investigate the second
configuration (ii) for which the whole spectrum can be sampled in a single shot working with a

spatially wide gate.

3.2.2. Specificity of wideband SPIRIT

The SPIRIT principle is illustrated in Fig. 3.2.1. An input pulse is first split into a temporal gate
pulse and a pulse under test, which is further split. These latter replicas are temporally delayed and
angularly sheared through a Mach-Zehnder type interferometer, and then they are imaged into a
dispersive element. The inset of Fig. 3.2.1 shows the effect of the angular shear at the Fourier plane
of the dispersive element, where the angular deviation is transformed into a spatial shear between
two spectra. Thus, two spatially shifted spectra of the input pulse are obtained. The interference
between these spectra generates spatio-temporal beatings that cannot be discriminated with a slow
detector. Instead, the spatio-temporal beatings are sampled thanks to the nonlinear mixing of the
temporal gate pulse and the interfering spectra. This is possible by placing a nonlinear crystal at the
Fourier plane of the dispersive element. A line detector captures the stationary interferogram, the

second harmonic signal, which is processed in real-time. The complete information about the pulse
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is retrieved from the interferogram. The method is robust and permits direct and fast pulse

characterization.
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Fig. 3.2.1. Principal scheme of SPIRIT.

Wideband SPIRIT introduces several modifications comparing with previous SPIRIT versions,
in order to deal with pulses of just a few femtoseconds duration and a broad bandwidth. Accurate
management of the phase introduced by any optical element is required when dealing with
broadband pulses. Therefore, lenses have been substituted by focusing mirrors, and a thorough
optical design has been implemented. The dispersive element is now a prism. The gate beam is
spatially broadened for overlapping the two sheared spectral signals upon the nonlinear crystal (type
| BBO). A compact and moveable setup allows the characterization of ultrashort pulses. The setup

is shown in Fig. 3.2.2. The real picture of SPIRIT setup is demonstrated in Fig. 3.2.3.
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Fig. 3.2.2. Wideband SPIRIT setup.

Fig. 3.2.3. Picture of Wideband SPIRIT real setup.
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3.2.3. Pulse reconstruction algorithm

In SPIRIT, the derivative of the input pulse phase is encoded in the recorded interferogram, as a
function of the relative positions of the fringes. The gate pulse has just an effect in the second-order
mixing, but it does not affect the phase information. An inversion algorithm reconstructs the pulse
information from the experimental data [109]. Through few calculation steps, the spectral and
temporal pulse profile and the spectral phase information are obtained. Fig. 3.2.4 illustrates that
process, beginning with the capture of the one dimensional interference pattern by a linear detector

(CCD).
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Fig. 3.2.4. Inversion algorithm for complete pulse reconstruction.
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Spectral phase (rad)

Once the data is associated to the proper frequency axis, and after a first Fourier transformation, a
numerical filter is applied to isolate, in the temporal axis, the essential information for calculating
the input pulse phase derivative. A second Fourier transformation and further calculations provide
the spectral phase, once the delay z and the angular shear are taken into account. A last Fourier
transformation brings the data back to the temporal domain, resulting in the final temporal pulse
reconstruction.

The method is passive and self-referencing. The time delay between the two pulse replicas and
the angular shear are required parameters in order to reconstruct the pulse, but just a single
calibration is necessary. This calibration is direct and simple with the actual Wideband SPIRIT

arrangement because of the motorized components and monitoring devices included in the setup.

3.2.4. Experimental results

Preliminary experimental results have shown the capability of Wideband SPIRIT for the
measurement of ultra-short pulses, like the pulses below 10 fs that have been characterized with our
scheme. Low energy (0.25 nJ) pulses below 10 fs directly coming from a Rainbow oscillator
(FEMTOLASERS GmbH, 200 nm bandwidth, 75 MHz, 300 mW average power, 810 nm central
wavelength) have been measured by means of Wideband SPIRIT. An example of the complete

characterization of a 8 fs pulse is shown in Fig. 3.2.5.
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Fig. 3.2.5. 8 fs 0.25 nJ pulse characterization: (a) - spectral phase and spectrum of pulses, (b) -

reconstructed pulse temporal profile.
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Spectral phase (rad)

Also, third order dispersion introduced by a piece of glass has been effectively measured. We
have performed an experiment with pulses from a COHERENT Micra laser, with a bandwidth of 95
nm, in which TOD is introduced by 16 cm of SF11 glass, and second order dispersion has been
compensated through a grism line. In this section, we present the characterization of those pulses
mostly influenced by TOD. Fig. 3.2.6. shows the spectral phase, spectrum of the pulses and the
reconstructed pulse temporal profile, which is compared in the inset with an additional

interferometric autocorrelation trace registered with an independent system.
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Fig. 3.2.6. Characterization of pulses with third order dispersion: (a) spectral phase and spectrum of
pulses, (b) reconstructed temporal profile of pulse. The inset shows the interferometric
autocorrelation trace of the same pulse.

3.2.5. Chirpogram

Besides the capabilities presented so far, SPIRIT easily provides data as a sonogram, which
enables an intuitive representation of the pulse’s dispersion. We have named this image as
Chirpogram. According to the description by Walmsley and Dorrer, a sonogram is obtained in the
result of applying first, a time-stationary filter, and then a time non-stationary filter, a spectrometer
and a temporal gate, respectively, in our case. Thus, simply by scanning the delay of the temporal
gate pulse, and using just a single measurement beam instead of the joint interferometric signal, it is
possible to retrieve a meaningful picture of the dispersion of the pulse. Experimentally, temporal

gating is accomplished by the interaction of the signal and the temporal gate pulses in the nonlinear
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crystal. The signal beam has been spatially dispersed by the prism, so that each spectral component
occupies a different position on the transversal axis. The gate pulse area has been enlarged in one
dimension by a cylindrical lens, in order to overlap at the maximum extent with the spatially
dispersed signal, and therefore generate a second harmonic signal containing information about the
whole spectrum, as described in the general description of Wideband SPIRIT setup.

Unlike some types of spectrograms, a sonogram not only provides an intuitive representation of
the chirp but furthermore, it is sensitive to its sign.

We present simulations and experimental results relating to Chirpogram. In our simulation,
some amount of chirp and third order dispersion is introduced into a Fourier limited pulse. The
different spectral components of the pulse, which have been at the dispersive prism, travel with a
relative delay described by the group delay function, and in this way they interact with the temporal
gate pulse in the nonlinear crystal. Finally, the resultant pulse is detected by the linear CCD. The
passage through the spectrometer is simulated taking into account the spectrometer’s time impulse
response in both the time and the frequency domain. One example of our measured chirpograms is
shown in Fig.3.2.7.
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Fig. 3.2.7. Third order dispersion measurement: spectral chirp measured by simple gate scanning

over the signal.
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3.2.6. Pulse measurements at the exit of fiber delivery scheme

We have used also the Wideband SPIRIT for pulse measurements at the exit of fiber delivery
scheme, which was reported in Chapter I1. For this purpose we have combined the two experimental
setups to be able to measure the compressed pulse at the exit of LMA fiber. Experimental setup is
illustrated in Fig. 3.2.8. Using two mirrors we direct the beam after LMA fiber to the SPIRIT setup.
We have done not only the measurement of the obtained short pulse, but also several measurements
of pulses with different spectral phases. Fig.3.2.9 demonstrates the pulse characterization performed
through Wideband SPIRIT at the exit of a 2.7-meter-long LMA fiber for 1-nJ pulses. Pulse duration
amounted to 29 fs (FWHM) with 31.6-kW peak power. The delivered pulse has a clean shape with
29-fs-duration (FWHM) and more than 30-kW-peak power. During the experiments we have done
also the autocorrelation measurements for comparison with the autocorrelation traces calculated
from the pulse temporal profile measured by Wideband SPIRIT. The comparison of the registered
and calculated autocorrelation traces is presented in Fig.3.2.10. As can be seen, we have obtained

good quantitative and qualitative agreement.

Fig. 3.2.8. Picture of fiber delivery and Wideband SPIRIT combined setups.

-98-



P(t) (kW)

]
=100

=501 ] 1]

Time (fs) |

-10
1010

Phase (rad)

Intensity (a.u.)

=
1

1
T

L

a1 RN BT B

Wavelength (nm)

RS0

-1
Q14

Phase (rad)

Fig. 3.2.9. Coherent pulse characterization performed through SPIRIT at the exit of a 2.7-meter-

long LMA fiber for 1-nJ pulses. Pulse duration amounted to 29 fs (FWHM) with 31.6-kW peak

power: (a) reconstructed temporal profile of pulse and temporal phase, (b) spectral phase and

spectrum of pulse.

AC signal(u.

Time (fs)

Fig. 3.2.10. Comparison of registered and calculated autocorrelation traces.

In conclusion we have experimentally demonstrated the measurements of low-energy 8 fs

pulses with Wideband SPIRIT, a method for the measurement of ultrashort and wideband pulses

based on spectral shearing interferometry. Experimental results demonstrate the capabilities of the

method for the characterization of a few femtosecond pulses. Also, third order dispersion

measurement has been possible with our system. Experiments for comparing Wideband SPIRIT

measurements with other characterization techniques such as FROG or SPIDER are in progress.
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Conclusion to chapter 111

1. We have proposed and demonstrated experimentally an aberration-free method of parabolic
temporal lensing and spectrotemporal imaging based on sum-frequency generation - spectral
compression for direct femtosecond-scale temporal measurements. In contrast to
contemporary techniques of FROG, SPIDER, SPIRIT, SORBETS, based on spectral phase
determination and pulse retrieval, our method provides a direct, high-resolution measurement
of the pulse in a standard spectrometer, serving as a basis to design an optical femtosecond
oscilloscope, exceeding the bandwidth of the existing electronic oscilloscopes and streak

cameras by several orders of magnitude.

2. Wideband SPIRIT, a method for the measurement of a few optical cycle pulses based on
spectral shearing interferometry has been demonstrated. Experimental results demonstrate the
capabilities of the method for the complete characterization of 0.25 nJ 8 fs pulses.
Furthermore, Wideband SPIRIT easily provides data as a sonogram, which enables an
intuitive representation of the pulse’s dispersion. TOD measurement has been possible with
our scheme. Chirpogram not only provides an intuitive representation of the chirp but
furthermore, it is sensitive to its sign. Sub-30-fs pulse characterization at the exit of fiber
delivery scheme performed through Wideband SPIRIT. For comparing Wideband SPIRIT
measurements with other characterization techniques such as FROG or SPIDER a compact

and moveable setup has been prepared.
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SUMMARY

1. We proposed and experimentally demonstrated an alternative dispersive delay line for

3.

ultrashort pulse shaping with the following advantages:
e compact and simple design, independent of the dispersive force;
» possibility to induce both negative and positive dispersion;
» easy tunable dispersion;
» possibility to shape pulses with different temporal profiles;
» applicable for picosecond pulses due to the compact design.

The obtained results are in good accordance with the numerical simulation.

We experimentally demonstrated that the fiber group velocity dispersion together with the
principal factor of Kerr nonlinearity becomes important for spectral compression. The group
velocity dispersion impact is controllable, it can:

» block spectral compression by temporal recompression of pulse in the fiber;

* lead to an effective dispersive regime of spectral compression when rectangular
Fourier transform pulses are formed along with the achievement of maximal spectral
compression ratio.

These pulses are Fourier transform limited, in contrast to the well known rectangular pulses
generated in the fiber due to combined impacts of self-phase modulation and dispersion. Our
results of pulse complete characterization obtained by spectral interferometry are in a good

agreement with the numerical simulations.

We have numerically and experimentally demonstrated an efficient femtosecond fiber
delivery setup with improved fiber dispersion precompensation thanks to a high throughput
grism-pair stretcher. Sub-30-fs-duration 1-nJ-energy pulses were compressed at the direct exit
of 2.7-meters-long large mode area fiber. The proposed device that involves only readily
available commercial components is compact in addition of being wavelength tunable over a
100-nm-badwidth around 800 nm. Large mode area fibers gave the best performances in terms
of pulse shortness and brightness. But surprisingly standard single mode fibers also gave short

and powerful pulses despite their increased nonlinearity.
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4. A new programmable direct space-to-time femtosecond pulse shaper using phase-only liquid
crystal spatial light modulators has been demonstrated. The experimental setup is very simple
and compact. The flexibility of the shaper for amplitude and phase control has been
demonstrated by the generation of various pulse sequences with tailored intensity and phase

(in the range of ).

5. Evolution of the stretcher-compressor system was experimentally tested. We introduced a
spatial light modulator in the grisms stretcher. The goal is to obtain more compressed pulses at
the output of the LMA PM fiber. Unfortunately this solution was unsuccessful, and we have
identified causes of this failure. To go further, it would be necessary to improve the system to
have access to the complex phase by removing the limitations, which were related mainly to
the low spectral resolution of the devices and the existence of spatial dispersion effect. The

capability of the SLM for pulse shaping was demonstrated by amplitude modulation.

6. We experimentally examine the method of aberration-free time-to-frequency conversion
through temporal lensing by wave mixing process. This all-optical time-to-frequency imaging
allows direct, real-time pulse characterization on the femtosecond time scale. The self-shaping
of the reference pulse in a single-mode fiber makes our technique a self-referencing one. The
reference and signal pulses interact with each other in SHG nonlinear crystal. The spectral
profile of non-collinear sum-frequency generation repeats the initial pulse temporal profile.
There are no principal restrictions on the reference pulse intensity, polarization and
wavelength. Experiments on simple and complex femtosecond pulse imaging by our
technique show a good agreement between the measured and calculated correlation tracks.
The registered image is reliable in a wide range of intensity variation. Using the non-collinear
interaction of the signal and reference pulses in nonlinear crystal allows background-free
registrations. The separated D-line and NL+D media in the spectral compressor allow us to
follow up and control the pulse imaging criterions by spectrotemporal images of the pulses

passed through.
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7. Wideband SPIRIT, a method for the measurement of a few optical cycle pulses based on
spectral shearing interferometry has been demonstrated. Experimental results demonstrate the
capabilities of the method for the complete characterization of 0.25 nJ 8 fs pulses.
Furthermore, Wideband SPIRIT easily provides data as a sonogram, which enables an
intuitive representation of the pulse’s dispersion. TOD measurement has been possible with
our scheme. Chirpogram not only provides an intuitive representation of the chirp but
furthermore, it is sensitive to its sign. Sub-30-fs pulse characterization at the exit of fiber

delivery scheme performed through Wideband SPIRIT.
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