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Kurzfassung

Diese Dissertation beschreibt eine neuartige Methode zur Erzeugung von
negativ gechirptem Superkontinuum (SC) und beschreibt detailliert das
Design, die Herstellung und die umfassende Charakterisierung der erzeugten
SC. Nach der SPM-Theorie sollte ein inverser GauB3scher Puls in der Lage sein,
negativ gechirpte SC zu erzeugen. In dieser Arbeit wird ein solcher inverser
GauBscher Impuls als "Ghost pulse" bezeichnet. Jedoch ist es praktisch
unmoglich, einen inversen Gauflschen Puls zu erzeugen, da die Pulsintensitét
nicht negativ sein kann. Um eine negativ gechirpte SC zu erzeugen, besteht
die erste schwierige Herausforderung daher darin, den gewiinschten Ghost
pulse zu erhalten. In dieser Studie wurden ein 4f-Linien-
Impulsformungssystem und ein Summenfrequenzerzeugung-Setup (SFG)
aufgebaut und angewendet, um einen stabilen Ghost pulse zu erzeugen.
Aufgrund der Begrenzung durch die Fourier-Transformation entspricht eine
schmale spektrale Bandbreite einer langen Pulsdauer. Dadurch kann das 4f-
Linien-Pulsformungssystem einen Puls E4f(t) (7, = 2 ps) mit langer Dauer
erzeugen, indem es die spektrale Bandbreite des Eingangspulses verengt.
AnschlieBend wurde ein nichtlinearer Summenfrequenzerzeugungsprozess
(SFG) zwischen diesem langen Impuls E,;r(t) wund einem
Fundamentalimpuls E(t) (7, = 200 fs) durchgefiihrt. Die Zentralenergie
des Pulses E4f(t) war aufgrund des SFG-Prozesses verringert und so wurde
ein Ghost pulse Egp,s (t) erzeugt. Die Formung dieses Ghost pulse wurde
durch ein kommerzielles Autokorrelator-Gerdt und eine selbst gebaute
frequenzaufgeloste optische Nachweismethode (FROG) verifiziert. Mit
diesem Ghost pulse konnten in YAG- und Saphirkristallen negativ gechirptes
SC erzeugt werden. Aus Kontrastgriinden wurde auch ein Kontrollexperiment
mit einem Fundamentalpuls ( 7, ~ 200 fs ) zur Erzeugung von SC
durchgefiihrt.

Die erzeugten SCs wurden experimentell mit Hilfe einer Vielzahl
verschiedener Techniken wie Autokorrelator, FROG und nicht-kollinearer
optischer parametrischer Verstirker (NOPA) charakterisiert. Die Validierung
der experimentellen Ergebnisse durch diese verschiedenen Strategien erlaubt
es uns, die Eigenschaften der erzeugten SC systematisch zu iliberpriifen. Die
Ergebnisse der NOPA und des Autokorrelators zeigen, dass die durch den
Ghost pulse erzeugte SC negativ gechirpt wird. Die FROG-Ergebnisse
demonstrieren direkt, dass der SC alleine durch den Ghost pulse erzeugt wird
und negativ gechirpt ist, wihrend der durch Fundamentalimpulse erzeugte SC
positiv gechirpt ist.



Abstract

This dissertation provides a novel method to generate negatively chirped
supercontinuum (SC) and details the design, fabrication and complete
characterization of the generated SC. According to the SPM theory, an inverse
Gaussian pulse should be able to generate negatively chirped SC. In this thesis
this kind of inverse Gaussian pulse is termed as “ghost pulse”. However, in
practice it is impossible to produce an inverse Gaussian pulse because the pulse
intensity can not be negative. Therefore, in order to generate negatively
chirped SC, the first difficult challenge is how to obtain the desired ghost pulse.
In this work, a 4f-line pulse shaping system and a sum-frequency generation
(SFG) setup were built and performed to produce a stable ghost pulse. Due to
the Fourier transform limit, narrow spectral bandwidth corresponds to long
pulse duration. Thereby, the 4f-line pulse shaping system can produce a long
duration pulse E4f(t) (7, = 2 ps) by narrowing the spectral bandwidth of
the input pulse. Afterwards, a sum-frequency generation (SFG) nonlinear
process was performed between this long pulse E,f(t) and a fundamental
pulse E(t) (7, = 200 fs). The center energy of the pulse E,f(t) was
depleted due to the SFG process and thus a ghost pulse Egpos(t) was
obtained. The formation of this ghost pulse was verified by a commercial
autocorrelator device and a home-built FROG (frequency-resolved optical
gating) setup. Pumping by this ghost pulse and using YAG and sapphire
crystals as the working media, we have succeeded in generating negatively
chirped SC. For the sake of contrast, a control experiment using the
fundamental pulse (7, = 200 fs) to generate SC was also carried out.

The generated SCs were experimentally characterized with the help of
different techniques including autocorrelator, FROG and NOPA (non-collinear
optical parametric amplifier). The validation of the experimental results by
these different strategies allows us to check the properties of the generated SC
systematically. The NOPA and autocorrelator results reveal that the SC
generated by ghost pulse is negatively chirped in a round-about way. The
FROG results directly prove that the SC is purely generated by ghost pulse and
is clear negatively chirped, while the SC generated by fundamental pulse is
positively chirped.
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Chapter 1 Introduction

Chapter 1
Introduction

Since the advent of laser, physicists are always exploring different
methods to optimize laser performance for achieving different goals, such as
new wavelength bands, maximum average output power, minimum output
pulse length [1-4], etc. In recent years, we have seen exciting development in
the generation of ultrashort laser sources and their important applications in a
variety of research fields [5-7]. Now it is convenient to find many kinds of
commercial laser devices which can output picosecond (ps, 10712 s) pulses.
Several companies can also extend the duration time of pulse into the
femtosecond (fs, 10" s) time region. Some literatures have reported that they
can produce pulses consisting of just several optical cycles [8-10]. Many novel
instruments with extremely high temporal resolution have been invented based
on ultrashort laser pulses. These exciting progresses of ultrafast pulses permit
us to study and discover key processes unresolved in the past.

The great point about ultrafast laser pulses is that they have very high
intensity because all the energy is compressed into an ultrashort time. The
tremendous development of the ultrafast laser based on nonlinear optics is an
important branch of modern optics [11]. The nonlinear optics mainly studies
high intensity effects, e.g., second harmonic generation (SHG) process [12, 13]
which allows to obtain output light at double frequency and half wavelength,
or like optical parametric amplification (OPA) [14-16] which amplifies a
signal input by a higher frequency pump input and generates an idler wave,
etc.

Supercontinuum (SC) generation [ 17-19] is one of the most important and
amazing nonlinear optical processes, a phenomenon that intense laser can
dramatically broaden the input spectrum bandwidth in a transparent medium.
The first study on the SC generation dates back to 1968, when Alfano and
Shapiro observed the picosecond “white” continuum in the bulk of borosilicate
glass [20, 21]. With the high intensity laser pulses on the order of GW/cm? in
the sample, the spectrum of laser pulses transmitted through the sample
stretched from 400 to 700 nm. Fig. 1.1 presents the wavelength range of the
anti-Stokes side covering from 4000 to 5300 A which was published by Alfano
and Shapiro in 1970 [20].

Soon afterwards, Alfano and Shapiro published SC generation
accompanied by the formation of thin laser radiation filaments in sodium
chloride, quartz, calcite, and various types of glass [22-26]. In the years of
1970s, experimental studies in SC generation demonstrated that the SC
generation can be achieved in various materials with different states and
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structures, including solid-state materials [27], organic and inorganic liquids
[28-30], and gas media [31, 32]. In the meantime, some studies on waveguide
SC generation in silica optical fibers were also reported [33, 34]. Moreover,
SC generation has been quickly used as a novel broadband light sources to
equip experimental instruments for spectroscopy and time-resolved
measurements [33, 35].

4046 A LA
5300 A

Figure 1.1: Alfano and Shapiro reported SC generation in 1970, and this figure
shows the entire emission range of the anti-Stokes side from 4000 to 5300 A
[20].

In 1983, Fork and co-authors reported the first femtosecond SC
generation which presented spectral broadening from deep UV to near IR
when they focused ultrashort pulses of duration ~80 fs at 627 nm into an
ethylene glycol jet [36]. Starting with the late 1980s, SC generation has also
been employed for obtaining ultrashort laser pulses and the creation of
multifrequency multiplex light sources [37]. Until today, SC generation is still
an essential step in the research field of pulse compression technique and has
important applications for time-resolved absorption spectroscopy to study the
ultrafast processes which occur in solid state physics, biology and chemistry
[38]. Furthermore, SC generation has widely potential values in some other
application fields, such as optical microscopy [39, 40], attosecond science [41],
frequency comb technology [42-45], etc.

SC generation is a complex physical process that intricate couplings of
spatial-temporal effects are involved. SC generation in transparent bulk media
can be explained in the framework of light filamentation [46-49]. In the spatial
domain, several linear and nonlinear effects (diffraction, self-focusing, group
velocity dispersion, self-phase modulation (SPM), and multiphoton ionization
or absorption) interplay together forming a light channel which is termed as
“filament”. The filament propagates over much longer distances than the
typical diffraction length. In time domain, the pulse experiences dramatic
transformations: pulse front steepening, pulse compression or splitting, and
generation of optical shocks. The coupling between these spatial and temporal
effects produce a broadband coherent SC emission.
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NLO

ND Iris Lens A
medium

o 1

Concave
mirror

Generated SC

Mirror

Figure 1.2: Scheme of experimental setup for SC generation. A short pulse
Epymp(t) is focused inside a proper NLO crystal to generate SC and the
newly produced SC is collimated by a concave mirror. ND - neutral density
filter; NLO - nonlinear optical; SC - supercontinuum.
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Figure 1.3: (a) Spectra of SC generated in 3 mm sapphire or 4 mm YAG
crystals under different pumping conditions [50], (b) Spectra of SC generated
in different crystals [51].
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Although the physical mechanism of SC generation is complicate, the real
setup for SC generation is simple. As shown in Fig. 1.2, the setup involves just
a short pulse, a neutral density filter, an iris, a focusing lens, a suitable
nonlinear material and a collimating concave mirror (or a collimating lens).

The generated SC spectra and stability are determined by many
parameters, such as the wavelength and energy of the pumping pulse, the host
nonlinear medium, focusing conditions, etc. In general, the SC spectra is
defined by the wavelength of the pumping laser and the properties of the host
media, such as transparency range, energy bandgap and nonlinear index of
refraction. The SC stability is influenced by the beam size and intensity
distribution of the pumping pulse, focusing conditions and medium thickness.
Proper choice of these parameters is a key issue to guarantee the stable
generation of our desired SC source. Fig. 1.3 presents an example that SC
spectra are influenced by pumping conditions and media type.

As shown in Fig. 1.4, components at different frequencies of the
generated SC are diffracted into cones under different divergence angles,
forming a clear concentric rainbow-like pattern.

(a) (b)

Figure 1.4: (a) Conical emission from a laser filament generated in air [52],
and (b) in a ZK7 glass [53].

As mentioned above, SC generation stems from a complicate interplay
process of several different optical effects. The most important effect of them
is the SPM which is the dominant process to induce spectral broadening.
According to the SPM theory, the pumping pulse with Gaussian shape
generates a frequency modulation that blue-shifted frequency components at
the pulse tail while the red-shifted frequency components at the pulse front. In
thus, the generated SC features a positive chirp. In this dissertation, we will
introduce a novel method to generate a negatively chirped SC. The related
physical theory, design methods, and the experimental setups and results will
be detailed described in the following chapters:

Chapter 2 Fundamental physics. The chapter will focus on the
fundamental physics and necessary techniques relevant to SC generation. The
concepts and mathematical background of ultrashort laser pulses, nonlinear
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optics and optical parametric amplifier will be described. Several widely used
techniques of pulse measurement such as autocorrelator, cross-correlator and
FROGs will be introduced. The relevant physics of SC generation will be also
presented.

Chapter 3 Negatively chirped supercontinuum generation by ghost pulse.
This chapter will present the experimental setup and results of SC generation
by ghost pulse. The experimental setup mainly consists of a 4f-line system,
SFG setup, SC generation, and SC characterization setups (NOPA/FROG).
The 4f-line is used to produce a long duration pulse. A subsequent SFG process
is performed between this long pulse and a short fundamental pulse to form a
desired ghost pulse. Afterwards, SC generation process is driven by the ghost
pulse. The generated SC is characterized by home-built NOPA or FROG setups.

Chapter 4 Two-stage non-collinear optical parametric amplifier. This
chapter will introduce the building of a two-stage NOPA setup and the
compression of the NOPA output by an AOPDF (Acousto-Optic
Programmable Dispersive Filter) device. The availability of this NOPA
supports for gap-free tuning covering from 650 to 1000 nm. By optimizing
pulse compression with different dispersion orders, we obtained a ~16 fs
ultrashort pulse.
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Chapter 2
Fundamental physics

Before delving into the details of the generation of negatively chirped
supercontinuum (SC), it is beneficial to systematically make an overview on
the relevant fundamental physics. Section 2.1 in this chapter will focus on the
concepts and mathematical background of ultrafast laser pulses, which is the
theoretical basis of the following content in this dissertation. Section 2.2 will
briefly introduce the basic aspects of the nonlinear optics, which is necessary
for understanding the SC generation theory and different pulse
characterization techniques in this work. Nonlinear optics include kinds of
different high-intensity effects and here we will mainly focus on the second
harmonic generation (SHG) and sum frequency generation (SFG) which are
the most widely used nonlinear effects. The third section 2.3 will be dedicated
to the methods of ultrashort pulse characterization. This part includes a general
description of the techniques of autocorrelator, cross-correlator and FROG.
These techniques will be applied to characterize the generated SC in this work
and more details will be described in the later chapters. The fourth section 2.4
will present a brief description of optical parametric amplifier which will also
be used to characterize the generated SC. The fifth section 2.5 of this chapter
will introduce the physics of SC generation which stems from a complicate
interplay process of different optical effects such as Kerr effect, self-focusing,
plasma defocusing, self-phase modulation, etc. SC generation by ghost pulse
is the main topic of this dissertation. In the end of the chapter, the contents of
this chapter will be briefly summarized.

2.1 Ultrashort laser pulse

An ultrashort laser pulse is an electromagnetic wave with duration time
of the order of a picosecond (ps, 107!2 s) or femtosecond (fs, 107'° s). It can be
fully defined by the space and time dependent electric field. The propagation
of ultrashort pulse and its interaction with matter are described by Maxwell’s
equations. In this section, some necessary physical definitions and
mathematical formulas used throughout this dissertation will be discussed.
For the sake of simplicity, let us consider first the electric field is linearly
polarized. Because our main concern is the temporal features of the pulse, here
we can neglect its spatial dependence. The pulse electric field can be written
as [54]:

E(t) = 2\/I()ell@ot=¢®D 4 c.c. (2.1)
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where t is time, w, - the carrier angular frequency, I(t) - the time-
dependent intensity of the pulse, ¢(t) - the phase of the pulse and "c.c." - the
complex conjugate. However, it is not easy to access E(t) directly for
ultrashort pulses. The pulse field in frequency domain is often more practical.
The Fourier transform of E(t) is the pulse field in the frequency domain
E(w):
E(w)=[" E()e @tdt (2.2)

where the tilde (~) over a function indicates that it is the Fourier transform.
The inverse Fourier transform of E(w) is the pulse field in the time domain
E(t):

E@) = [ E(w)e“do  (23)

2.1.1 Pulse duration and pulse repetition rate

Pulse duration can be understood as the pulse length in time domain. It
describes the FWHM (full width at half-maximum) of the pulse power versus
time. As shown in Fig. 2.1 (a), the interval time between the 50% points of its
peak amplitude generally defines the pulse duration [54].

A

(b

~~
QO
o
»
»
"
»

| «—T —>|

Intensity
Intensity

y
\ 4

Time " Time

Figure 2.1: Scheme of (a) pulse duration 7,, and (b) repetition rate —. Pulse

duration is generally defined as the pulse FWHM of the pulse power versus
time. Pulse repetition rate presents the pulse number per second.

Pulse repetition rate describes the counts of pulses per second [54]. As
shown in Fig. 2.1 (b), the number 1/T is the repetition rate. Different pulse
generation techniques provide different repetition rates. In general, Q
switching of solid-state lasers allow repetition rates from 1 Hz and 100 kHz,
while mode-locked solid-state lasers provide pulse repetition rates between 50
MHz to a few gigahertz.
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2.1.2 Relationship between pulse duration and spectral

bandwidth

It is difficult to assert the precise pulse shape and thus here we select
standard waveforms. The temporal dependence of the most cited Gaussian
pulse is (with zero phase) [55, 56]:

2
_ ¢ _ 2
E(t) = Eye <THW1/e> — Ee &)

where E, is amplitude, Tyy /. 1s the field half-width-half-maximum, and
T, 1s the intensity full-width-half-maximum.
The intensity is:

—4ln2(é)2

I(t) = |[E(D)|* = |Ey|?e (2.4)
Perform the Fourier transform on the Gaussian electric field E(t):

—21n2(é)ze

E(w)=FUEM®] = [ Epe
By utilizing the identity:

“lt de. (2.5)

b2

ffooo e=ax% g=2bX (fy — \Ee? (a>0),
the Eq. (2.5) can be expressed as:

O)ZTpZ
T -
E(w)=E, | —T1,e s8inz .
(@) 0\/2in2 P

2. 2
T @t
I(w) = [E(w)]* = |Eo|2m‘fpze alnz . (2.6)

From Egs. (2.4) and (2.6), we can derive the time bandwidth product
(TBP):

The intensity is:

TBP > M,t, = 21, =222 > 0441, (2.7)

where Af, is the frequency FWHM of the Gaussian pulse and Aw, is the
FWHM bandwidth of intensity I (w).

According to the uncertainty principle, a Gaussian pulse with minimum
TBP value 0.441 is known as Fourier transform limited pulse. The TBP
depends on the pulse shape. Below table 2.1 lists the TBP values for four
standard pulse shapes which are suitable for laser beams.
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Table 2.1: TBP values for different standard pulse shapes [57].

Pulse shape Intensity I(7) TBP

Gaussian ot 0.441
e 2

Hyperbolic Secant sech?x 0.315

Lorentzian ; 0.142

1+ x2
1 for |x| <1,

Square 0 elsewhere 0.443
o

Cardinal sine L 0.336
X2

Exponential e‘% 0.140

2.1.3 Dispersion of optical pulses

In optics, when light propagates in dispersion medium, the velocity
depends on its frequency. In normal dispersion region, red-side frequencies run
faster than blue-side frequencies. Therefore, after propagating a certain
distance through media, the red and blue frequencies will be found in the
leading part and trailing part, respectively (Fig. 2.2). It leads to the increasing
of pulse duration time and decreasing of peak intensity. This is called group
velocity dispersion (GVD) [58].

Propagation
direction o
Normal |
dispersive _
media ‘ .
fs pulse GVD Chirped pulse

Figure 2.2: Scheme of group velocity dispersion. A short pulse passes through

positive GVD media and is thus chirped to be long.

The GVD is usually defined as:

GVD((‘)O) = % (Vg(a’)>a)=wo

(2.8)
where w is angular frequency, w, - the center angular frequency, v;(w) -

0%k _2(dn wo ,0%n
302 =_\53, +— _2)w=w0
0w/ w=w, c\0w/ =w, c dw

the group velocity of w frequency, k - the wave vector and 7 is the refractive
index. The vy (w) is defined as v, (w) = dw/dk.

10
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2.2 Nonlinear optics

When light with low intensity, typical non-laser sources, passes through
a medium, the properties of this medium keep independent of the illumination.
When laser source is used, the incident light with extremely high intensity can
modify the properties of medium and thus light waves are able to interact with
each other to exchange energy and momentum. On this occasion, many
interesting high-intensity effects were discovered. Nonlinear optics is a
modern optical branch which studies precisely these high-intensity effects [11,
59].

2.2.1 Nonlinear polarization

The wave equation is the fundamental equation of optics [54]:
2 2 2
0%E 1 0%E _ _ 0°P 2.9)

022 oz Mo
where E is the real electric field, ¢, - the speed of light in vacuum, p, - the
magnetic permeability of free space, and P - the real induced polarization.
The induced polarization P contains linear and nonlinear optical effects. If the
strength of electric field E is low, the induced polarization P is proportional to
the electric field E [11, 59]:

P =, xyVE, (2.10)
where &, is the electric permittivity of free space, and y is the linear
susceptibility of the medium. The parameter y describes the linear optics.
Fig. 2.3 is a scheme of linear optics.

(a) (b) High energy

Input light Emitted light
/W /W Input Emitted
photon photon
Medium energy energy

Energy levels

Figure 2.3: Linear optics. (a) A medium is excited by a light wave and emits
a wave at the same frequency. (b) A scheme of linear optics that a medium is
excited by the input photon to an excited energy level and then emits the

photon at the same frequency.

If the strength of electric field E is high enough, the induced polarization
P in the medium does not respond linear anymore. The higher order terms
contribute to the polarization [11, 59]:

11



2.2 Nonlinear optics

P=PD 4+ P®D 4+ PO ... = g yWE + gy PE? + gy P E3 + -+, (2.11)
where ¥ denotes the n-th order component of electric susceptibility of the
medium.

We can express the i-th component for the vector P explicitly as:

1 2 3
P, = eo)(i(j)Ej + eo)(i(ﬂzEjEk + eo)(i(ﬂzlE]-EkEl + -, (2.12)

where i =1, 2, 3.
This is the foundation of nonlinear optics. Fig. 2.4 is a simple scheme of
nonlinear optics.

(a) (b)

High energy
Input A&
Input light Emitted light photon
W /\/\4 energy
Input Emitted
photon photon
Medium energy energy

Energy levels

Figure 2.4: Nonlinear optics. (a) A medium is excited by a light wave and
emits a wave at new frequency. (b) A scheme of nonlinear optics that a medium
is excited by the input photons to an excited energy level and then emits the

photon at new frequency.

2.2.2 Second harmonic generation

In 1961, Franken et al. first observed a 347.15 nm output when they
passed light from a ruby laser (1 = 694.3 nm) through a quartz crystal [60].
The output frequency is exactly doubled. This is the first time we observed
second harmonic generation (SHG) phenomenon. Now SHG process has been
unarguably one of the most widely used method to get up-conversion
frequency light.

Mathematically, SHG effect can be derived from the second-order
susceptibility . Considering only the second-order term in Eq. (2.12), the
resulting nonlinear polarization is expressed as:

Py, =X, EiEx  (2.13)
Recall the electric field in Eq. (2.1):
1 .
E(t) = > 1(t)ell@ot=¢M®] 4 ¢ c.

Here we assume that the I(t) and ¢(t) vary slowly compared to e®t.
The electric field can be rewritten as:

E;(t) = E(t) = €™ +c.c. (2.14)
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where € is the field amplitude.
Substituting the E;(t) and E,(t) into Eq. (2.13), we can get:

Py = gox i (E2e290 4 £%e71200 4 26€)  (2.15)

From this equation we can find that the nonlinear polarization Py
contains a component which radiates at double frequency of the input pulse. A
zero-frequency term is also included in the above Py; expression, so light
contains a DC field. This effect is known as optical rectification which is
usually very weak. In the remaining, we will ignore this optical rectification
effect and just discuss the SHG effect.

For occurring nonlinear optical effects, three requirements must be met:
high intensity light, conservation of momentum and conservation of energy.
Fig. 2.5 is a scheme of the SHG concept. Two photons interact and are
converted to a single photo at double frequency.

SHG

Virtual state

w

EEEEEEEEEENERI] 2w

v

Ground state
Figure 2.5: Scheme of SHG process that two photons at frequency w are
converted to a new photon at double frequency 2w.

2.2.3 Sum frequency generation

In the SHG process mentioned above, only one input light at frequency
w is required and output light at double frequency 2w is obtained. Sum
frequency generation (SFG) is a more generally situation of SHG process [11,
61, 62]. In the SFG process, two light beams at frequency w; and w, are
input and a new output beam at frequency w; is generated.

Considering Eq. (2.14), the two input beams can be described as:

E;(t) = gel“1t +c.c.

_ . (2.16)
E,(t) = Ee'®2t + c.c.

The corresponding nonlinear polarization is given by:
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Py, = eo)(l.(jz,zEjEk = eoxfj?,z(sjske“wﬁwﬂt + €€ @rte)t 4

€ Epel@z=@Dt 4 g, grellwim@)ty  (2.17)

As shown in this expression that the nonlinear polarization Py; contains
components at new frequency wz = w; + w,. This is SFG process.
SFG process also needs to meet the requirements of conservation of
momentum and conservation of energy:
hks = hk, + hk,
hw; = hw, + hw,
Fig. 2.6 is a scheme of the SFG concept. Two photons at frequencies w;
and w, are absorbed and then emit a single photo at frequency ws.

(2.18)

SFG

Virtual state

w3=w1+w

w

1

v

Ground state

Figure 2.6: Scheme of SFG process that two photons at frequencies w; and
w, are absorbed and a new photon at sum frequency w = w; + w, emits.

2.3 Pulse measurement techniques

In the past decades, the development of laser sources and the investigation
of ultrashort pulses have made tremendous progress [63-68]. Now very short
pulses with duration time only several femtoseconds (fs, 10" s) are obtained.
How to characterize the pulse is as important as its generation due to the
following several reasons. Firstly, if the precise information of the
experimental pulse can be measured, its distortion can be known and we can
try to make even shorter pulses. Secondly, many practical applications require
the temporal resolution and thus we must characterize the short pulse. Thirdly,
for verifying theoretical models of pulse creation, we should know the
information of pulse. Moreover, many experiments study the pulse changes
before and after laboratory optical system, and for this case we need to know
the precise information of the pulse.

Since the response time of electronic devices is generally of the order of
nanoseconds or picoseconds, it does not support the direct measurement of an
ultrashort pulse in time domain. In order to measure the temporal
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characteristics as short as few femtoseconds, we need an either shorter or the
same duration as the pulse itself. The only solution to directly measure a
femtosecond pulse in time domain, is to measure the pulse by itself. Up to now,
scientists have developed a vast variety of characterization techniques for the
measurement of ultrashort pulses [69, 70]. In this section, we will introduce
several popular techniques such as autocorrelator [71, 72], cross-correlator [73]
and FROG [74-81] (e.g., SHG FROG, XFROG, etc.).

2.3.1 Autocorrelator and cross-correlator

As discussed above, the pulse, like any light wave, can be defined by its
electric field as a function of time E(t). Just consider the real part of E(t)
and assume the pulse is linear polarized. The time-dependent component of
the pulse can be expressed as:

E(t) = 2/I()ell@ot=¢®]  (2.19)

where I(t) is the time-dependent intensity, w, the carrier frequency and
@(t) the time-dependent phase of the pulse.
The pulse instantaneous frequency is expressed as:

W) =w -2 (220)

The Fourier transform of E(t) is:

E(w) = I(w — wy)e?@=@)  (2.21)

where E(w) is the Fourier transform of E(t), I(w — w,) is the intensity of

spectrum and @(w — w,) is the spectral phase.

According to Egs. (2.19) and (2.21), we must measure the intensity and
phase in time domain (or frequency domain) so that we can know the precise
information of E(t) (or E(w)).

For the measurement of pulses in frequency domain, it is convenient to
use spectrometer. However, spectrometers can not measure the phase
information. For the measurement of pulses in time domain, the pulse is very
fast and much shorter than the time resolution of measurement devices. The
most widely used method to measure ultrashort pulse is the autocorrelator
proposed by Maier et al. (1966) [82]. As shown in Fig. 2.7, the test pulse passes
through a Michelson interferometer which divides the pulse into two replicas
with a relative time delay. These two replicas are focused into a y?) NLO
crystal with an angle. We adjust the setup so that they can temporally and
spatially overlap inside the NLO crystal. The second harmonic signal
generated inside the NLO crystal comes from three sources: the SHG signal
from E(t), the SHG signal from E(t — 1) and the SFG signal from both
E(t) and E(t — 7). According to the momentum conservation rule, these
three second harmonic signals propagate in different directions. We can use a
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2.3 Pulse measurement techniques

spatial filter to block the two SHG signals and thus only the SFG signal can be
collected by photodiode device.

The intensity of the generated SFG signal is registered as a function of
the delay time. The recorded electrical signal is proportional to the integrated
intensity of E(t) and E(t — 1):

S(@) < [IE()E(t —1)|?dt < [I(t)I(t —1)dt. (2.22)

(2)
E(t)‘ . X/I
»- Michelson > A @

interferometer ,
Photodiode

Figure 2.7: Scheme of an autocorrelator. Two replicas of the pulse are focused
in an NLO crystal with an angle and a delay between them, the generated

second harmonic signal is recorded by a photodiode.

| |
B 203 fs
.g )
5 0.5F
= :
OT 1 | 1 1 1 | 1 | 1 |
0 1 2 2 4 5

Time (ps)

Figure 2.8: The autocorrelation function of an infrared pulse (1 = 1028 + 4
nm). The red dots denote the measured autocorrelation function data. The solid
blue line presents the Gaussian fitting curve which shows the pulse duration is
about 203 fs.

If the two replicas do not temporally overlap in the crystal, the photodiode
device can not measure any electrical signal. Therefore, the autocorrelator is a
“background-free” setup. Using it we can get the autocorrelation function of
the test pulse and know the duration time of the test pulse. Fig. 2.8 is an
example of autocorrelation function of an infrared pulse (A = 1028 =+ 4 nm)
which shows the duration time is about 203 fs. However, autocorrelation
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function can not provide enough information on the pulse itself. For example,
two different pulses with different profile in time domain maybe gives the
same autocorrelation function and the autocorrelation function is always
symmetric in time. Moreover, the information below envelope can not be
measured by autocorrelator. In addition, we can not know the test pulse is
chirped or Fourier transform limited.

The autocorrelator device works well for simple pulses. However, it can
not measure complex pulses. For this case, we can use cross-correlation
method [73]. As shown in Fig. 2.9, the cross-correlation setup is nearly same
as the correlator. The only difference between them is that one replica is
replaced by a known reference short pulse Ej..f(t).

The recorded electrical signal is proportional to the integrated intensity
of E,er(t) and E(t —1):

S(0) & J|Erep (DE(t — D] dt o [ Lop (DI — 1) dt.  (2.23)

Photodiode

T

Figure 2.9 Scheme of a cross-correlator. The test pulse and the short reference
pulse are focused in an NLO crystal with an angle and a variable delay between
them, the generated sum-frequency signal is recorded by photodiode as a

function of the delay between them.

2.3.2 Frequency-resolved optical gating technique

Autocorrelator is a measurement technique for ultrashort pulse which is
operated purely in time domain. It just gives an estimate of the intensity or the
pulse duration of wave envelope and does not provide a fully reconstruction
of the measured electric field E(t). Therefore, it is not a complete
characterization method.

In order to achieve a fully reconstruction of the measured electric field
E(t), we need to consider a new approach which can measure the light pulse
in time-frequency domain. Frequency-resolved optical gating (FROG)
technique is one of the oldest and most used methods for self-referenced
characterization of ultrashort pulse [74-81]. Fig. 2.10 shows the idea of FROG
that uses a gate pulse to scan the test pulse in time domain and recorded the
spectrum changes. FROG gives a two-dimensional signal of spectrum
intensity in time and frequency domains:
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S(r,0) « |[ E()G(t — e tdt|”, (2.24)

where G(t) is the gate pulse.

E(t) G(t-1)

-T 0 T
Time

Figure 2.10: Principle of FROG setup. The test pulse E(t) is temporally
gated by a much shorter pulse G(t — t). The spectrum of this gated pulse is

0.5

Frequency

0

recorded in variable delay time 7.

As summarized in Fig. 2.11, FROG setup can be performed by different
optical geometries, such as XFROG [76, 80], second harmonic generation
FROG (SHG-FROG) [83-89], self-diffraction FROG (SD-FROG) [75, 79] and
polarization gate FROG (PG-FROG) [78].

XFROG setup uses one reference pulse to scan the test pulse. XFROG is
very suitable for the measurement of shaped pulses. It has all the advantages
of cross-correlation. The collected signal is expressed as:

2 (225

SI{"(ROG (1, w) U E(t— T)Eref(t) elot gt

SHG-FROG uses second-order nonlinearity, while PG and SD FROGs
uses third-order nonlinearities. Thusly, SHG FROG has high sensitivity. SHG-
FROG is the most popular used FROG implementation. The signal is given as:

SSHS. (1, w) o | [ E(DE(t — 1) eitdt]". (2.26)

In SD-FROG, the beams induce a grating effect in medium which will
diffract each beam into different directions. Measuring one of the diffractions,

we can get:
StRoc (T, w) o |f E()*E(t — 1)* e_i“’tdt|2. (2.27)

In PG-FROG, two beams are spatially overlapped in a ¥y medium.
The gate pulse induces Kerr effect which leads to birefringence. For this case,
the y®® medium works like a wave plate. Measuring the light transmission,
we can get:

Stroc (T, w) o |fE(t)|E(f —17)|? e_i“’tdt|2. (2.28)
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2)

Eref(t)A 7{
P —————
XFROG E(t-T) A
S Spectrometer
E(t) A v
SHG-FROG A._ Michelson A i)
interferometer A SpagoRter

Spectrometer

E(t)
SD-FROG A,_ Michelson
interferometer

@A 7

E(t)
PG-FROG ﬁ,_ Michelson
interferometer

Pol.  Spectrometer
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Figure 2.11: Scheme of different optical geometries for performing FROG
measurement. (a) cross-correlation FROG, (b) second harmonic generation
FROG (SHG-FROG), (c¢) self-diffraction FROG (SD-FROG) and (d)
polarization gating FROG (PG-FROG). x® and x® are nonlinear
susceptibilities, WP - the waveplate, and Pol. - the polarizer.

Theoretically, we can extract the amplitude and the phase information of
the test pulse from the FROG 2D signal data. In fact, we can do it indeed, but
it is not simple. This refers to a well-known 2D phase retrieval problem.

Up to now, several published algorithms [78, 79, 85, 90, 91] for 2D phase
retrieval problem of FROG technique have been developed. Here we introduce
a method which is called generalized projections [91, 92].

The purpose of algorithm is to find E(t) or the electric field of signal
Esig(t, 7). There are two constraints:

2

Srroc (T, @) o | [ Egy(t,T) e7@tdt|”, (2.29)

E(t)|E(t —1)|*> for PG FROG
and Eg;4(t,7) <4 E(t)*E*(t —7) for SD FROG. (2.30)
E(t)E(t —t) for SHG FROG
We start with an initial guess field Eg4(t, 7). Then make a projection
onto the other constraint. Repeat this iteration and move the Eg; 4 (t,7) close

to the right solution step by step.
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2.4 Optical parametric amplifier

2.4 Optical parametric amplifier

Optical parametric amplifier (OPA) exploiting second-order nonlinearity,
represents an easy way to transfer energy from a high intensity pump pulse at
a fixed frequency to weak signal/idler pulses at variable frequencies. In thus
OPA provides a tunable laser source over a broad frequency range [93-100].
Non-collinear OPA can act as broadband amplifiers under suitable conditions
and can thus shorten the achievable pulse duration to generate tunable
ultrashort laser pulses. Due to these unique advantages, OPAs are nowadays
widely used by not only physicists but also chemists and biologists.

2.4.1 Phase matching

The process of OPA requires a proper nonlinear optical (NLO) crystal. As
shown in Fig. 2.12, the input beams include a pump beam and a signal beam.
The pump has high frequency w; and high intensity, while the signal beam
has lower frequency w; and lower intensity. In the NLO crystal, the pump
beam transfers energy to the signal beam which is thus amplified.
Simultaneously, a third new beam at frequency w, is produced and we call
this new beam as idler.

NLO crystal

A

Figure 2.12: A simple model of optical parametric amplification. The energy
flows from a high intensity pump beam w5 to a weak intensity signal beam

w, and a new generated idler beam w,.

The parameter Ak = k; — k, — k; determines the energy flow among
the pump, signal and idler beams, where k; (i =1, 2, 3) are the wave-vectors
of beams w; (i = 1, 2, 3). Thusly, for achieving maximum gain of OPA
process, the phase matching condition should be satisfied that:

Ak = k3 —k, —ky=0. (2.31)

Therefore, the beams pump, signal and idler fulfill the momentum

conservation and the energy conservation relations:
hks = hk, + hk,

hw3 = hwl + h(l)z. (2.32)

20



Chapter 2 Fundamental physics

As demonstrated in Fig. 2.13, OPA process can be briefly explained as
follows: medium absorbs a photon at frequency w5 to get virtual level, and
then a photon at frequency w; stimulates the medium to emit two photons at
frequencies w; and w,. The beam w, will also interact with the pump w5
which will contribute to the signal w; amplification. Therefore, the OPA
process is a positive feedback cycle and gives rise to the exponential
parametric gain.

hw,

s AA'A <

hw,

N>

Figure 2.13: Simple model of optical parametric amplification. A photon at

high frequency w; (pump) is absorbed by medium, and then a photon at
frequency w; (signal) stimulates the medium to emit two photons at

frequencies w; and w, (idler).

Because of k = wn/c, the phase matching condition can be rewritten
as:

N3w3 — Nyw, —nyw; =0, (2.33)
= w33 = WMy + (W3 — )Ny,
= w3(nz —ny) = w(ny —ny). (2.34)

Consider case w; < w, < w3. In an isotropic medium with positive
dispersion (dn/dw > 0) the refractive indexes have relation n; < n, < nj.
Eq. (2.34) has no solution because of ny—n, >0 and n; —n, <O0.
Considering the negative dispersion case n; < n, < ny, we still can not find
solutions for Eq. (2.34). This means that using isotropic media it is impossible
to achieve the phase matching condition.

For solving this problem, we can use birefringent crystals because there
are two frequency dependent refractive indexes in uniaxial crystals. Let pump,
signal and idler beams propagate with different polarizations to achieve
various interaction schemes. As shown in Fig. 2.14, on the plane o the cross
angle between wave-vector k and optical axis is 8. We define two normal
directions E, and E. as ordinary (o) and extraordinary (e). The beam with
ordinary polarization propagates with refractive index n,, while the beam
with extraordinary polarization propagates with variable refractive index
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n.(0) from n, to n,. The uniaxial crystal can be positive (n, < n,) or
negative (n, > n,). According to the ellipsoid equation, the n,(8) can be
calculated by:

1 cos?8 | sin?6

2420 (2.35)

ne(6)2 - no ne

When we find a suitable angle 6, the refractive index n,(8) will be
proper for fulfilling the phase matching condition. This angle 6 is called
phase matching angle and generally indicated with 6,,.

\Z
E n
k (4
(@) . (b)
=
=
§ 0
=
: E ’(\e“n
O |
S| A o™ |
o Kk opticth 25
40
/e - i
...... . |
Extraordinary direction

Figure 2.14: (a) Scheme of the ordinary and extraordinary directions in a
birefringent crystal. (b) Scheme of the index ellipsoid: for a positive uniaxial

crystal, choosing the optic axis to be in the z direction, and n, = n, =n,

and n, = n,.

Table 2.2 summarizes all polarization configurations in second order
processes.

For type 0, the pump, signal and idler beams feature the same
polarizations: (000) or (eee).

For type 1, the signal and idler beam feature the same polarization, while
the pump polarization is different: (ooe) or (eeo).

For type II, the signal and idler feature cross-polarizations and thus we
get: (eoe), (e00), (oee) and (0eo).

Noticeably, not all cases listed in table 2.2 can meet the phase matching
condition. For example, BBO crystal is negative uniaxial crystal (n, < n,),
and phase matching will never be met if w5 is extraordinary.
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Table 2.2: Summary of polarization configurations of second order nonlinear

optical processes.

Type

Type 0 eee 000
Type I 0oe eeo
eoe €00
Type II
oee 0€0

2.4.2 Non-collinear optical parametric amplifier

Considering the case of non-collinear parametric amplifier, the phase
matching condition should be described in vectorial equation:

Ak =ks—ky,—ky =0. (2.36)

Fig. 2.15 shows the situation when phase matching is fulfilled.

Figure 2.15: Non-collinear phase matching configurations. The phase

matching condition can be fulfilled when pump beam 1_6)3, signal beam l_c)l and

idler beam Ez propagate in different directions.

a is the angle between pump and signal, while f is the angle between

pump and idler. Clearly, the vectorial k parameter allowing a cross angle

between pump and signal beams helps for more flexible optical geometry to
meet the phase matching condition. This non-collinear configuration supports

23
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exact signal-idler temporal overlap and a broadband amplification. Fig. 2.16
presents the relations for different phase matching angles and signal
wavelengths for NOPA in type I BBO crystal, pumped by the second harmonic
frequency of an Yb-doped laser.

a \ T X T Y ' H !

8 26— |
o e 0= 3° ]
o 25} ke .05 SES NS SN ]
g a=2.3

> 24f : —
E u_15 ”,’— _________
8 23;\_’,’ ’,f’ .
@® i . |BB

= B a=0 A _O 1
& | 22L = A= 0.515 um |
) -

£ 0.7 08 0.9 1.0
& : ; : )

Signal wavelength (um)

Figure 2.16: Scheme of phase matching angles and signal wavelengths for
NOPA based on type I BBO crystal and pumped by 515 nm wavelength. a is
the cross angle between signal and pump beams inside the BBO crystal. Solid
line is the case of the broadest amplification bandwidth [101].

2.5 Supercontinuum generation

SC generation is an intricate interplay of various effects [46-49] such as
self-focusing, plasma defocusing and self-phase modulation, etc.

2.5.1 Kerr effect

Kerr effect is a 3™ order nonlinear optical effect which can be understood
as modifying the refractive index [102, 103]. As shown in Eq. (2.11), the
induced polarization P contains linear and nonlinear optical terms. For
medium with centrosymmetric crystal structure, the even order terms of Eq.
(2.11) are vanished, and thus only odd order terms contribute to the induced
polarization P. Because the higher order susceptibilities of medium have
relationship y™/¢™D = 10!, we can thereby neglect these higher order terms.
Hence, we just need to consider the first y'") and third ® terms. The induced
polarization P is given as:

P=PD +pPB (237

The electric field is described as:

E =E cos (wt). (2.38)
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Thusly, the polarization P can be expressed as:
P=¢ ()((1) + %)((3)|Ew|2) E, cos(wt). (2.39)

Observing this Eq. (2.39), it looks like we can rewrite the y into two
components, a linear susceptibility y; and an additional nonlinear term yp;:

xX= XL+XNL_X(1)+ IE 2. (2.40)

In an isotropic material, ¥ and refractive index n, of material follow
this relationship:

ng=y1+x®O=/1+y,. (241)
Now refractive index n can be described as:

n—\/1+)( \/1+XL+XNL—710(1+ z)(NL) (2.42)

Using Taylor expansion since yy, < ny?, we can get an intensity
dependent refractive index:

3)
n=n, +3X—|Ew|2 =ngy +nyl, (2.43)

where n, is the 2" order nonlinear refractive index, and / is the light intensity.
From this equation, we can know that the refractive index change is n,/
which is proportional to the light intensity. As discussed above, the 3" order
nonlinear optics will contribute to the intensity-dependent refractive index.

This effect is called as Kerr effect.

2.5.2 Self-focusing

T w= AN A w= An
== (r) m=I(r)

Radial distance
Radial distance

Propagation distance Propagation distance

Figure 2.17: Scheme of self-focusing effect. The refractive index of medium

is modified by the intensity of the laser and works like a focusing lens.

The local intensity of a beam is high at center and low at edges. According
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to Eq. (2.43), we know that the change of refractive index is in direct
proportional to the local intensity. Therefore, medium works like a lens, which
can self-focus the incident beam. This nonlinear effect is called “self-focusing”
which is a natural phenomenon resulted from Kerr effect [104]. Fig. 2.17 is a
schematic diagram of self-focusing.

Self-focusing effect is determined by the input beam’s power and occurs
only if the beam power is high enough reaching the critical power [104-107].
J.H. Marburger et al. calculated the critical power P for a standard Gaussian
beam [104, 107]:

2
— 3.72A%
8mngn,

. (2.44)

Ccr

where A, is the laser central wavelength.

Eq. (2.44) is valid for Gaussian beam shape. When the coefficient is equal
to 3.72 [105], diffraction and self-focusing effects are balanced. If the beams
feature other shapes, the coefficient 3.72 should be replaced by other values.
It should be noted that the critical power given by Eq. (2.44) is proper for both
ultrashort pulses and continuous wave lasers. However, for ultrashort pulses,
the peak power is very high and thus we should consider many other optical
effects such as group velocity dispersion, plasma defocusing and multiphoton
absorption. In this case, self-focusing process will be very complex.

If input beam power is higher than P, the collimated Gaussian beam

will self-focus at a distance [104]:
0.3672g

ZSf = 1 9
P yz_ 2_
\/[(Pcr) 0.852]2-0.0219

(2.45)

which is called the nonlinear focus. Here zgr is the diffraction length. This
equation is derived for the continuous wave laser beam, but it also gives an

accurate approximation in the case of ultrafast laser pulses as well.

2.5.3 Plasma defocusing

When the intensity of laser pulse is high enough, it will ionize the medium
and generate plasma. The generation of plasma can cause local reduction in
the refraction index. This effect is called “plasma defocusing” and the
refraction index is expressed as [108]:

n=n,— ”ZLP” (2.46)

where p(r,t) is the density of free electrons and p. is the critical plasma
density. The parameter p. is defined as

pe = egmeowi/e?, (2.47)
where €, is the permittivity of vacuum, m, - the electron mass and e - the
electron charge.

26



Chapter 2 Fundamental physics

The characteristic length Lp; for plasma defocusing is:

Lp, =42, (2.48)

oPat

where pg; is the neutral atom density.
Plasma defocusing effect works like a divergent lens. This is
schematically shown in Fig. 2.18.

A
* An

- =0

Radial distance
Radial distance

Propagation distance Propagation distance

Figure 2.18: Scheme of plasma defocusing effect. The existence of plasma

decreases the local refraction index of medium and thus causes beam

defocusing.

2.5.4 Femtosecond filamentation

It has long been believed that, for intense ultrashort laser pulses, it is very
difficult to propagate in air for long distance due to many effects. According
to theoretical calculation, a pulse with duration time 30 fs and beam waist 5
mm will be reduced by a factor of ~ 5x103 after propagating 1 km distance in
air because of the influence of group velocity dispersion (factor of 50) and
beam diffraction (factor of 100) [109].

However, many experiments show opposite results. In 1995, Braun et al.
observed that a hard-coated mirror can not be burned by laser at the position
of laser output, but if they place the same mirror 10 m far away from the laser
output, the same mirror will be burned [110]. Subsequently, researchers
explained that self-focusing nonlinear effect should be responsible for this
phenomenon [111-117]. Self-focusing effect of a beam can form a dynamic
structure which is called filamentation. This structure has an intense core and
a small beam size, and can propagate longer than the diffraction length. Self-
focusing and plasma defocusing affect the filament together, as shown in Fig.
2.19.
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Self-focusing
M

Filament

e = ;‘

Plasma defocusing
Figure 2.19: Scheme of filament. The formation of filament is a result of
complicate interplay between diffraction, self-focusing, plasma defocusing,
etc.

2.5.5 Self-phase modulation

Self-phase modulation (SPM) is a dominant process to generate new
frequencies in the spectral range of the pumping laser pulse [118-124].
Following is a simple mathematical description for SPM theory.

The incident beam pulse propagating in z direction is:

E;(zo,t) = Ey(z,t)enz=w0t) 4 ¢ ¢, = Ey(z,t)e'®0 + c.c., (2.49)
where w, is the carrier frequency, z the propagation distance and k = %

the wave number.
In the medium of length L, the phase of incident beam experiences an
intensity dependent shift.
Eout (L, t) — EO (L, t)ei(kn0L+knzl(t)L—w0t) — EO (L, t)ei(¢NL(L't)+¢o). (316)
Time dependent phase ¢y, (L,t) comes from the time dependent
intensity I(t).
Nonlinear phase change of the pulse is:

Wo

Gn (1) = —="npI(t)z.  (2.50)

c

This phase change introduces a frequency change:

b () = 5 b (®). (25D

We can know the time-varying instantaneous frequency is:
w(t) = wy + dw(t). (2.52)
This equation shows the spectral broadening of the incident pulse.
Substituting Egs. (2.50) and (2.51) into Eq. (2.52), the instantaneous
frequency w(t) is given by:

w(t) = wy + Aw = wy — n, %Zd;—(:), (2.53)

where w, isthe carrier frequency, Aw - the frequency changes, n, -the2nd
order nonlinear refractive index, ¢ - the speed of light, z - the propagation
distance and I(t) is the light intensity.
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Chapter 2 Fundamental physics

The first term w, in Eq. (2.53) is a constant which is determined by the
frequency of pumping laser. The second term Aw is responsible to the
spectral broadening and only this term determines whether the instantaneous
frequency w(t) shows blue-shifting or red-shifting. More specifically, it can

d . ..
only be controlled by % because the other parameter n, %z is positive.

We first consider the general case where SC generation is performed using
conventional Gaussian shaped pumping pulse, as shown in Fig. 2.20(a). The

2O yalue features positive sign (+) during the front half time of the Gaussian

pulse, while the latter half part of the pulse results in minus (-) % value.

Thus, the instantaneous frequency w(t) caused by SPM effect features a
negative frequency shift at the leading front of the pulse and a positive
frequency shift at the trailing front of the pulse, as depicted in Fig. 2.20(c). It
means the SC generated by a Gaussian pulse is positively chirped.

Now assume a case that we can obtain an inverse Gaussian pulse (see Fig.
2.20(b)) and use it to perform SC generation. We call this pulse a ghost pulse
since negative intensities are not possible. A more formal definition is that
ghost pulse is a short laser pulse (as normally defined), but with negative
intensity in a quasi constant intensity field. Ideally, the intensity of the constant
field is constant forever. Thus the (negative) intensity of the ghost pulse is
limited by the intensity of the constant field. In reality, the constant field is to
a very good approximation constant on the time-scale of the ghost pulse.

According to Eq. (2.53), this ghost pulse shown in Fig. 2.20(b) should

o . d . . .
give rise to opposite ;—(tt) comparing with the case caused by Gaussian pulse.

Namely, the leading part of this ghost pulse will generate blue-shifted new
frequency components while the trailing part will produce red-shifted
frequency components, as depicted in Fig. 2.20(d). Therefore, using such kind
of ghost driving pulse (Fig. 2.20(b)) it should be able to generate negatively
chirped SC.

However, it is impossible to obtain a ghost pulse practically. An
achievable solution is that on top of a rather flat intensity level a ghost pulse
describes the sudden intensity loss, as shown in Fig. 2.20(e). The intensity
deduction in this proposed approach can be achieved by different nonlinear
effects, such as Kerr effect, SFG effect, etc.
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Figure 2.20: Intensity profiles of different pumping pulses and the
corresponding SC generations. (a) Intensity profiles of a Gaussian pulse with
pulse duration 7, = 200 fs. (b) Intensity profiles of an assumed inverse
Gaussian pulse (ghost pulse) with pulse duration 7,, =200 fs. (¢) The changes
of instantaneous frequency produced by the Gaussian pulse shown in (a). (d)
The changes of instantaneous frequency produced by inverse Gaussian pulse.
(e) Simulated curve of a long Gaussian pulse (7, =2 ps) with a centered short

inverse Gaussian pulse (ghost pulse) (z,, = 200 fs) at depth 50%.

The spectrum of the output pulse can be described as:
- . . . 2
S(w) = |Epue (0) 12 = | [ Eo(t)e iwot=ienmEeiotgt|”  (2.54)

The symmetric intensity profile leads to symmetric phase change A¢
and thus the spectrum has quasi-periodic oscillations. Newly generated waves
can interfere. For example, two new waves have same frequencies but different
phases; when A¢,, = 2m, they can interfere constructively; when A¢,, = m,
they interfere destructively. Therefore, when we calculate the S(w), we will
get the below Fig. 2.21.

Laser

:

-300 -—-200 -100 0 100 200 300

Figure 2.21: The output power spectrum generated by Gaussian fundamental
pulse. Adapted from [18].
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Chapter 2 Fundamental physics

In this spectrum S(w), the red-shifted and blue-shifted parts are Stokes
and anti-Stokes broadenings respectively. The Stokes and anti-Stokes parts are
symmetric.

2.5.6 Self-steepening

As mentioned above, the intensity-dependent refractive index is:
n =ngy+ n,l.

Therefore, the phase modulation A¢ is direct proportional to the time
dependent intensity I(t).

However, medium does not have an instantaneous response. The response
time of medium results in a distortion of the phase modulation A¢. Thusly,
even though the intensity I(t) is symmetric, the spectrum S(w) still show
Stokes-anti-Stokes asymmetric.

The group velocity depends on the intensity I(t):

c

—, (2.55
n(I)+w%, ( )

Ugroup =

where n(I) means the refractive index is modified by laser intensity.

From this Eq. (2.55), we can know the center part of the pulse will have
a smaller group velocity because the center part features the peak intensity.
Thus, the center part of the pulse falls away from the leading part and comes
near the trailing edge. This leads to a steep intensity trailing edge of the pulse
and we call this effect self-steepening [125-128]. The following Fig. 2.22
shows self-steepening effect visually. Self-steepening effect can modify the
pulse shape in time domain and further affect the temporal SPM.

= L, < L, ~ 8

= = =
L% > >
7 & '

V4 Z V4

Figure 2.22: Scheme of self-steepening effect of a Gaussian pulse with t; <
t, < t3. Starting at time point t; from a standard Gaussian pulse, the pulse
peak slows down with respect to the group velocity at time point t, and

finally form a steep edge in the trailing part at time point t;.

2.6 Summary

In this chapter, we systematically make an overview on the essential
theoretical background which is the basis of the following chapters in this
dissertation, such as the contents of ultrashort laser pulse, nonlinear optics,
optical parametric amplifier and supercontinuum generation. Also, techniques
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2.6 Summary

for ultrashort pulse characterization which are widely used in modern optical
research field, are discussed in considerable detail. Sections 2.1 and 2.2 present
the contents of ultrashort laser pulse and nonlinear optics which are the
universal physics throughout the whole thesis. Sections 2.3 and 2.4 describe
the physics of pulse measurement techniques and optical parametric amplifier
which are used to characterize a test pulse. Section 2.5 presents the necessary
knowledge about the process of supercontinuum generation which is the core
content of this dissertation.
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Chapter 3
Negatively chirped supercontinuum

generation by ghost pulse

This chapter is devoted to the negatively chirped supercontinuum (SC)
generation by ghost pulse which is the core content of this dissertation. The
chapter is organized as follows: Section 3.1 is a brief background introduction
of SC generation. Section 3.2 is an overview of experimental setups. It
describes the approach of the setup design and setup schemes used in this work.
The experimental setups mainly consist of 4f-line pulse shaping system, sum
frequency generator (SFG) setup, SC generation and SC characterization
setups. The 4f-line and SFG setups are used to produce stable ghost pulses. In
the Section 3.3 the key units of the SC generation and characterization setups
are described in detail, and the concerned experimental results are discussed.
Section 3.4 presents a summary and shows the potential applications of our
studies.

3.1 Introduction

Supercontinuum (SC) generation has been the research subject of
numerous investigations since its first observation by Alfano et al. in the 1970s
[20, 21]. Now it represents a unique technique to provide coherent light
sources with extremely broad tunable spectrum from near UV to far IR [17-
19]. The importance of SC generation is apparent for a variety of applications
including ultrafast spectroscopy [38], optical microscopy [39, 40], attosecond
science [41], frequency comb technology [42-45], etc. For example, SC
generation is on demand for time-resolved pump-probe spectroscopy [38] to
study the ultrafast molecular dynamics which occur in solid state physics,
chemistry and biology. Moreover, extremely broad SC spectrum is an
indispensable seeding source for optical parametric amplifiers [101] which has
become a standard tool for the generation of ultrashort pulses exceeding the
supporting range by conventional laser instruments.

The physics of SC generation is a subject of continuous in-depth research
and shows to be quite complicated. Detailed analyses suggest that SC
generation in bulk media arises from a complex interplay between self-
focusing, SPM (self-phase modulation) effect and multiphoton
absorption/ionization-induced free electron plasma [17-19]. Wherein, self-
focusing effect determines the propagation dynamics of the ultrashort laser
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3.2 Experimental setups design

pumping laser pulses. SPM effect primarily governs the spectral broadening
which introduces new red-shifted and blue-shifted frequencies on the leading
and trailing fronts of the driving pulse respectively. However, both the self-
focusing and SPM effects are highly affected by the chromatic dispersion
which finally determines the extent and shape of the SC spectrum indirectly.

SPM theory suggests that the newly generated SC should feature positive
chirp, and thus on the subject of dispersion issue we usually just consider the
group velocity dispersion (GVD) of working media. Therefore, SC generation
is generally studied in two distinct cases defined by the sign of the media GVD.
In the region of normal GVD (positive GVD) of dielectric media, the input
pulse broadens temporally owing to GVD. New red-shifted and blue-shifted
frequencies generated by SPM effect appear on the leading and trailing fronts
of the pulse and are further dispersed. In the case of anomalous GVD (negative
GVD), the input wave packet is temporally shrinked leading to the formation
of self-compressed pulses and self-phase modulation, the newly generated SC
frequencies are swept back to the pulse center.

Before the present work, research attention of SC generation was mostly
paid on the comparations of different pump laser parameters, various dielectric
media used for SC generation, and normal/ anomalous GVD of working media.
For example, SC generation has been studied with different femtosecond laser
sources spanning pump wavelengths from UV to mid-IR [129-131], with
different pulse duration [132-134] and even with different shaped beams such
as Gaussian, Bessel [135], vortex [136], singular beams [137], etc. Different
wide bandgap dielectric media such as glasses [53, 130], water [138], YAG
[139], sapphire [140], etc. and normal/zero/anomalous GVD regions [141-143]
have also been theoretical studied by numerical simulation models of different
complexity, and afterwards confirmed experimentally. Although extensive
theoretical and experimental studies have been performed on SC generation,
however, no results on negatively chirped SC generation have been reported
so far, and the rich variety of GVD induced effects remain unexplored.

In this chapter, we describe a novel method to generate negatively chirped
supercontinuum by ghost pulse in normal GVD regime. The ghost pulse is
produced by a 4f-line pulse shaping setup and a following SFG process.
Driving by this ghost pulse, we have succeeded in generating negatively
chirped SC. XFROG and NOPA techniques have been built to characterize the
newly generated SC. To our knowledge, this is the first time generated a
negatively chirped SC in a material with normal GVD.

3.2 Experimental setups design

In this work, SC generation by ghost pulse has been performed with the
use of two kinds of experimental setups and the produced SC is characterized
by NOPA and XFROG techniques. A simple overview of the experimental
setups is presented in Fig. 3.1. The theoretical aspects of the experimental
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Chapter 3 Negatively chirped supercontinuum generation by ghost pulse

design have been demonstrated in section 2.5.5. According to our design
approach, negatively chirped SC can be generated by ghost pulses. Therefore,
we need to obtain a ghost pule first. In the setups shown in Fig. 3.1, a 4f-line
system and an SFG process are responsible for the creation of the desired ghost
pulse. The generated SC are characterized by XFROG and NOPA techniques.

BS
(a) Laser 4f-line SC generation ===
SFG XFROG

DM

(b) Laser == sHG 4fline === == SC generation —— —— Autocorrelator
SFG NOPA

Figure 3.1: An overview of the experimental setups for SC generation by
ghost pulse and SC characterization. The red line represents the light path of
the fundamental 1028 nm laser beam, the green line denotes the second
harmonic of the fundamental pulse and the multicolor line denotes the
generated SC. BS - beam splitter; DM - dichroic mirror.

The 4f-line can produce a long pulse (7, = 1 — 7 ps) by narrowing the
spectral bandwidth of the fundamental pulse (7, = 200 fs). The following
SFG process is used to create a ghost pulse by depleting the energy near the
center of the long pulse. In setup (a), the SFG process is performed using
beams at the same wavelength (1, = 1028 nm) but with different durations
(tp = 2ps and 200 fs). The generated SC is characterized by a home-built
XFROG setup. In the setup (b), an additional SHG process is added before the
4f-line to produce the second harmonic (1, = 514 nm) of the fundamental
beam, and in this case the SFG process is carried out between the fundamental
and the second harmonic beams. The generated SC is characterized by a NOPA
setup and a commercial autocorrelator is also adopted to further measure the
pulse duration of the NOPA output. The red, green and multicolor lines in Fig.
3.1 denote the paths of the fundamental 1028 nm laser beam, the second
harmonic 514 nm laser beam and the generated SC, respectively.

In this work, the setup in Fig. 3.1(a) was first built to implement the
generation of negatively chirped SC by ghost pulse. Fig. 3.2 presents a
simplified scheme of the experimental setup Fig. 3.1(a). The Yb:KGW laser
system delivers linearly polarized pulses of duration ~200 fs at 1028 nm with
2 kHz repetition rate. The initial laser pulse is divided into two beams E (t)
and E,(t) by a beam splitter. As shown in Fig. 3.2, one beam E;(t) is
guided into a 4f-line pulse shaping system which is built using a folded optical
geometry. The grating in 4f-line converts the input pulses from time domain to
frequency domain and thus all frequency components are spatially separated
in Fourier plane. Two metal plates are placed in the Fourier plane to form a
narrow slit. Only the central finite frequencies are not blocked by the plates
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and thus the spectral bandwidth of the input pulse becomes narrower.
According to Fourier transform limit, the duration of a given pulse is limited
by its spectral bandwidth:

TBP-A?

o (3.2)

where 7, is the pulse duration, TBP - the time bandwidth product, A - the
central wavelength of laser beam, ¢ - the speed of lightand AA - the spectral
bandwidth of laser beam. As illustrated in Eq. (3.1), pulse length 7, is
inversely proportional to its spectral bandwidth AA. Narrower spectral
bandwidth leads to longer pulse duration. Thereby, the output pulse E,(t)
shaped by the 4f-line will feature long duration. Afterwards, the long pulse
E,r(t) and the short pulse E,(t) are focused and overlapped inside a
nonlinear crystal to perform the SFG process. Here a 2 mm type | BBO (6 =
23.49 crystal is used. Due to the energy transfer happened in the SFG process,
the pulse intensity of the overlapped part of the long pulse E,(t) is depleted,
and thus a ghost pulse Egp,s:(t) looking like the one shown in Fig. 2.20 (b)
is obtained. The short pulse E,(t) could be also slightly affected by the SFG
process and here the pulse E,(t) after the SFG BBO crystal is labelled as

E;(t).

Tp =

Fig. 3.2: Simplified scheme of the experimental setups for SC generation by
ghost pulse and SC characterization by XFROG technique. White arrows in
this figure denote the propagation direction of the two input pulses E;(t) and
E,(t). Two plates are placed in the Fourier plane of the 4f-line pulse shaping
system so that the spectral bandwidth of the input pulse is narrowed. In thus,
the input pulse is temporally expanded. In the following SFG setup, the energy
transfer happened in the nonlinear SFG process deplete the intensity of a part
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Chapter 3 Negatively chirped supercontinuum generation by ghost pulse

of the long pulse in time domain, which will create a ghost pulse. In the SC
generation, a neutral density filter and an iris are inserted before the focal lens
to adjust the pumping power and beam size respectively. The SC generation is
performed using a YAG crystal. A home-built XFROG setup is used to
characterize the generated SC. G is grating; CL - cylindrical lens; M- mirror;
L- lens; ND - variable neutral density filter; CM - concave mirror; Spec -
spectrometer.

According to our approach, the ghost pulse Egp,s (t) will be used to
generate negatively chirped SC. In the setup part of SC generation, before the
crystal for SC generation a variable neutral density filter is used to adjust the
laser power because SC generation is inherently very sensitive to variations in
the driving power. An iris is also inserted to extract the small core size of the
beam where the laser intensity distribution is spatially uniform. Then the ghost
pulse Egp,s.(t) created by SFG process is focused into a bulk media to
generate negatively chirped SC. Here a 4 mm YAG crystal is used for SC
generation.

The chirp of the generated SC is characterized by a following XFROG
setup. Specifically, the generated SC pulse Egq(t) together with the ghost
pulse Egp,s(t) are collimated and refocused into a thin type | BBO (20 um
thick, 6 = 23.4°) crystal by two concave mirrors. The reference beam is
E;(t) which is also focused into the same BBO and overlapped with pulses
Esc(t) and Egp,s () temporally and spatially. The spectrum of the resulted
SFG pulse is recorded as a function of the variable delay time. In order to
describe the setup clear, in Fig. 3.2 some optical elements are neglected such
as wave plates, delay line, etc. More details about the setups can be found in
Figs. 3.3 and 3.4, and Sections 3.3 and 3.4.

Fig. 3.3 shows a further detailed scheme of setup Fig. 3.1(a). The input
beam is vertical polarized. However, the grating in the 4f-line requires an input
beam with horizontal polarization to achieve a high diffraction efficiency.
Therefore, a half-wave plate is used before the 4f-line to rotate the beam
polarization from vertical to horizontal. In the following SFG process, the
polarization of two input beams should meet the type I phase matching
condition, and thus a second half-wave plate is needed to change back the
beam polarization from horizontal to vertical. A detailed scheme of the
experimental setup Fig 3.1(b) can be found in Fig. 3.4. This setup is similar to
the setup shown in Fig. 3.3, but an additional thick BBO crystal (5 mm thick,
type I, 6 =23.4°)is added for the second harmonic generation. In the case of
this setup, the ghost pulse is produced by the SFG process between the
fundamental pulse and the second harmonic pulse. The SFG process does not
deplete too much the second harmonic beam and the residual energies is used
as the pump beam in the NOPA setup unit.
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Fig. 3.3: Detailed scheme of the experimental setup using only fundamental
wavelength (1, = 1028 nm). The beam powers are measured at some key
positions and labeled in this figure. Some other details are also noted such as
the focal lengths of lenses, thickness and cutting angles of the BBO crystals,
etc. Two half-wave plates are inserted before the 4f-line and the SFG setup to
adjust the beam polarization. In the SFG process, a type | BBO crystal is used.
Two delay stages are built inside the units of SFG and XFROG setups. The
delay stages allow one to finely adjust the temporal overlap of laser beams
inside the BBO crystals. The red line represents the light path of the 1028 nm
laser beam and the multicolor line denotes the generated SC. BS is beam
splitter; DM - dichroic mirror; ND - variable neutral density filter.
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Fig. 3.4: Detailed scheme of the experimental setup using fundamental beam
(Ao = 1028 nm) and its second harmonic (1, = 514 nm) for SC generation
by ghost pulse and SC characterization. The beam powers are measured at
some key positions and labeled in this figure. Some other details are also noted
such as the focal lengths of lenses, thickness and cutting angles of the BBO
crystals, etc. Three half-wave plates are inserted before the 4f-line and the SFG
process to adjust the beam polarization, respectively. In the SFG process, a
type I BBO crystal is used. Two delay stages are built inside the units of SFG
and XFROG setups respectively. The delay stages allow one to finely adjust
the temporal overlap of laser beams inside the BBO crystals. The red line
represents the light path of the 1028 nm laser beam, the green line indicates
the light path of the 514 nm second harmonic laser beam, the blue line denotes
the SFG signal and the multicolor line denotes the generated SC. BS is beam
splitter; DM - dichroic mirror; ND - variable neutral density filter.
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3.3 Supercontinuum generation by ghost pulse

3.3.1 Laser system

In this work, we use a commercially available femtosecond laser system
“PHAROS SP” from Light Conversion in Lithuania [144]. Table 3.1 is a
summary of the main output parameters of our laser system. As shown in this
table, the PHAROS laser has output femtosecond pulse with high energy (1
mJ) and high average power (6 W). Some of its parameters can be tuned
conveniently, such as average power (up to 6 W), pulse energy (up to 1 mJ),
pulse duration (190 fs - 20 ps) and repetition rate (single pulse to 1 MHz). In
this work, the laser system outputs of 1.8 W average power at 2 kHz repetition
pulse are used. The pulse duration is typically adjusted to be close to Fourier
transform limited.

Table 3.1 Output characteristics of our laser system. The 2" column data is

taken from the official website of Light Conversion company. [144]

| Model | PharosSP

Max. average power 6W 1.8 W

Pulse fluration range (assuming 1?0 fs (bandwidth 192 fs

Gaussian pulse shape) -limited) — 10 ps

Max. pulse energy I mJ 0.9 mJ

Base repetition rate 1 kHz-200kHz 2kHz

Centre wavelength 1028 £+ 4 nm 1028 + 4 nm
Polarization Linear, horizontal Linear, horizontal
Room temperature 15-30°C 26 °C

Fig. 3.5 presents the output spectrum of PHAROS laser system
characterized by a commercially available spectrometer (HR 2000, Ocean
Optics). The achievable wavelength resolution of spectrometer is about 0.47
nm. The Gaussian fitting result reveals that the laser wavelength is 1028 + 4
nm which agrees with the manual data.
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Figure 3.5: Spectrum of Pharos laser output. The red dots denote the measured

spectral data. The solid blue line presents the Gaussian fitting curve which
shows the center wavelength is 1028 nm and the bandwidth is about 8 nm.

Substituting our experimental values (1, = 1028 nm and A1 = 8 nm)
into Eq. (3.1), and considering TBP = 0.44 (for Gaussian pulse), the Fourier
transform limited 7, can be calculated:

T, =193 fs.

| ﬂ
192 fs
=
.g )
‘905-
=
O| 1 1 1 | 1 | 1 | 1 |
0 1 4

2 8
Time (ps)
Figure 3.6: The achievable shortest duration time of laser output pulse. The

red dots denote the measured autocorrelation data. The solid blue line presents

the Gaussian fitting curve which shows the duration time is about 192 fs.
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The pulse duration is checked using a commercial autocorrelator
(PulseCheck, APE GmbH, Berlin). Tuning the compressor inside the laser
system, we find that the shortest achievable duration time is about 192 fs (see
Fig. 3.6) which matches the theoretical value well.

3.3.2 Second harmonic generation setup

The SHG setup shown in Figs. 3.1(b) and 3.4 is accomplished via a BBO
crystal. The average power of the fundamental (1, = 1028 nm) pump beam is
ca. 1.8 W (corresponding to 0.9 mJ pulse energy). Fig. 3.7 is a schematic
depiction of the SHG setup. In the SHG process, a type | BBO crystal
(thickness 5 mm, 68 = 23.4°) yields ca. 20.3% conversion efficiency.
Generally, if we do not focus the incident beam into BBO crystal, the SHG
conversion efficiency is in range of 15-25%. Our BBO crystal used here is not
coated with an anti-reflection surface which lead to a serious power loss. The
second harmonic is reflected by a dichroic mirror which is designed for high
reflection at 532 nm and high transmission at 1064 nm. Fig. 3.8 presents the
measured spectrum of the second harmonic pulse. The intense residual
fundamental component passes through the dichroic mirror directly.

5mm
Type | BBO
6=234°

A DM
1028 nm 1443 mW

1028 nm
2 kHz 1097 mW
1732 mW

514 nm
293 mW

Y

Figure 3.7: Schematic depiction of the SHG process: BBO is a type I crystal
of 5 mm thickness and 6 = 23.4°; DM - dichroic mirror.
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Figure 3.8: Spectrum of second harmonic 514 nm beam measured behind the
dichroic mirror. The red dots denote the measured spectral data. The solid blue
line presents the Gaussian fitting curve which shows the center wavelength of
514 nm and the bandwidth of 2.6 nm.

Some publications [145-148] investigated the relationship between the
spectral bandwidths of the fundamental pulse and the second harmonic. Ehmke

et al. [148] suggested a narrowing factor of %z 0.35 of the second

harmonic wavelength bandwidth compared to the fundamental pump pulse.
Therefore, in our case, the spectral bandwidth of the second harmonic 514 nm

pulse should be 8 *2_\1/5 ~ 2.8 nm. Our experimental measured result, as

shown in Fig. 3.8, reveals that the spectral bandwidth is about 2.6 nm which is
a little narrower than the predicted value. The different phase matching
conditions which can alter the spectral shape and influence the spectral
bandwidth should be responsible for the narrow spectral bandwidth of second
harmonic pulse [149-151].

3.3.3 4f-line pulse shaping and XFROG setups

Although now mode-locked lasers based on solid state gain media are the
most widely used laser source of ultrashort pulses. However, sometimes we
need flexible laser pulses which can not be satisfied by commercial laser
sources. For solving this problem, we need to adopt the technology of pulse
shaping which can be treated as an important complement to femtosecond
pulse generation.
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In 1983, Froehly developed a 4f-line system for pulse shaping [152]. This
is a kind of zero dispersion system and now widely adopted for generating
almost arbitrarily shaped ultrashort pulses. As shown in Fig. 3.9 (a), the 4f-line
includes two gratings, two lenses and one pulse shaper. The distance between
two adjacent optical components is f (the focal length of lens). This is the
reason why we call it 4f-line. Pulse shaping in time domain directly is difficult
due to the limited response time of electronic devices and thus pulse shaping
process is generally carried out in frequency domain. In the 4f-line system, the
input pulse is decomposed into different spectral components by a grating and
a lens. This converts the input pulses from time domain to frequency domain.
The second lens and grating recover the shaped pulse from frequency domain
to time domain. In the Fourier plane, a pulse shaper is inserted and used to
modulate the phase, amplitude and polarization of pulses. It is the device which
carries out pulse shaping process.

Fourier
plane
f f f f
— e —i— ¢ —>

(a)

Grating

Lens Modulator

Fourier
plane

(b)

Grating Mirror

1200 g/mm

2 4& Plates
L &)@

<&
o,/,@

Figure 3.9: (a) Scheme of a typical 4f-line setup. This is a zero dispersion
system and the output pulse is identical to the input pulse. A modulator is used
in the Fourier plane to program the input pulse. (b) A scheme of the 4f-line

used in this work. It is built by folded optical geometry which is composed of
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one grating (1200 grooves/mm), one cylindrical lens and one reflection mirror
in the Fourier plane. All different frequencies are spatially separated and
focused in the Fourier plane. Two metal plates placed next to the Fourier plane

works like a filter to block spectral components.

In practice, 4f-line can be performed in different optical geometries [153-
155]. Fig. 3.9(a) presents the standard style of the 4f-line. In this work, a folded
optical geometry of the 4f-line was adopted, as presented in Fig. 3.9(b). It just
includes one grating, one cylindrical lens and one reflection mirror at the
position of Fourier plane. The grating (10RG1200-1000-2, Newport Company
USA) used here has typical diffraction efficiency in the m = -1 diffraction order
about 62% (measured) at the Littrow angle for wavelength 1028 nm. Its
specification is summarized in Table 3.2. The focal length of cylindrical lens
(LJ1212L1, Thorlabs GmbH, Dachau, Germany) is 300 mm. This kind of
geometry is almost aberration-free and does not have many degrees of freedom.
Thus, it is convenient to be well aligned.

Table 3.2: The specifications of grating used in this work.

Specifications

Type Ruled
Wavelength f)f maximum 1000 nm
efficiency
Nominal blaze angle 36.8°
Grooves per mm 1200

Tolerance wavelength on

) + 25 nm (first order, Littrow, typical)
nominal blaze angle

The 4f-line system must be aligned very carefully because misalignment
introduces spatial chirp and lead to bad beam quality. The alignment procedure
is briefly described here. Firstly, make sure that the input laser is horizontal to
the laser table. This can be checked by steering laser through two small irises
at the same height. Then, the grating should be mounted perpendicular to the
table plane, which can be achieved by observing different diffraction orders to
be along the line parallel to the laser table. The cylindrical lens is placed at a
distance of focal length from the grating. The mirror is placed at the Fourier
plane and is adjusted to reflect the beam back to the grating. For separating the
output beam from the input beam, we can tilt the mirror a little so that the
output beam is slightly higher than the input beam.

If the 4f-line is well aligned, it should be ideally free of temporal and
spatial dispersions. The output beam should be exactly the same as the input
beam both in temporal and spatial domains when we take away the metal plates.

For testing the setup, the pulse length before 4f-line is adjusted to be
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3.3 Supercontinuum generation by ghost pulse

transform limited and measured using a commercial autocorrelator (see Fig.
3.10(a)). The pulse length after the 4f-line is also verified by the autocorrelator
to be Fourier transform limited, as shown in Fig. 3.10(b). We can find that the
duration time remains nearly unchanged before and after the 4f-line. This
result proves the 4f-line does not introduce distortion in temporal domain. For
visualizing the spatial dispersion, we can sweep a card across the spatially
dispersed light in the Fourier plane. If there is dispersion at the output, we can
observe changes of beam profile at a faraway position. If there is no dispersion,
the output beam will be just attenuated as the card block some frequencies in
the Fourier plane.
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Figure 3.10: The pulse durations of fundamental pulse (4, = 1028 nm)
measured (a) before and (b) after the 4f-line system. The red dots denote the
measured data. The solid blue line presents the Gaussian fitting curve which

shows the pulse durations before and after the 4f-line to be around 200 fs.

In this work, our purpose is to obtain a long pulse according to the Fourier
transform limit and thus the programable modulator in the 4f-line is not
necessary. Now considering that the incident pulse features Gaussian shape in
time and space, the central wavelength is A4,, and Ax;, is the FWHM in
spatial domain. As shown in Fig. 3.11, incident angle is 6; and central
wavelength A, of the input beam is diffracted at angle 6,. Here, d is grating
period and f is focal length of lens. In the Fourier plane, the size of each
spectral component is Ax,. Calculating by several simple mathematic steps,
we can get:

Ax = 2In (2) 2% T2 (3 )

cosO g4 mAxipn

This means each frequency spreads over such a spatial size Axg.
Therefore, the parameter Ax;, can be narrowed by using plates to block
selected frequencies in the Fourier plane.
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Figure 3.11: Scheme of a half 4f-line. The Fourier plane is located at the back
focal plane of the lens. 8; denotes the incident angle on the grating; 8, is
the diffraction angle; X denotes the spatial coordinate of the Fourier plane;

g(X) represents the spatial size of a given frequency component.

As we have mentioned in Section 3.2, the minimum duration of a given
pulse is limited by its spectral bandwidth. Specifically, pulse duration is
inversely proportional to spectral bandwidth. Therefore, as we narrow the
spectral bandwidth of the input light by blocking frequency components in the
Fourier plane of the 4f-line, the pulse duration of the output light should
become longer. Fig. 3.12 shows a series of autocorrelation curves obtained by
gradually narrowing the spectrum’s FWHM. As it should be, narrower
spectrum leads to longer duration time.
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Figure 3.12: Changes of autocorrelation curve width after pulse shaping in the
4f-line system. The red dots denote the measured data. The solid blue lines
represent the Gaussian fitting curves.

As we have discussed in chapter 2, autocorrelator is not a complete
characterization method because it operates purely in time domain. FROG
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technique allows a clear view of pulse duration together with chirp information
[74-81]. Thus, we also build a XFROG setup here to characterize the created
long pulse by the 4f-line and the generated SC. Fig. 3.13 presents a scheme of
the XFROG setup. The generated SC is focused inside a BBO crystal (type I,
20 pum thickness, 6 =23.4°) by a concave mirror (=100 mm). Here, a thin
BBO crystal (20 um thickness) is chosen for avoiding additional positive
chirp and this also enables a high temporal resolution of the XFROG
measurement. The fundamental 1028 nm pulse E(t) with short duration
(tp = 200 fs) is used as the reference beam and is also focused into the same
BBO crystal by a lens (f = 300 mm). A hand-tuned optical delay stage is
inserted in path of the reference E(t) beam to vary the time delay between
the reference and SC beams for achieving an exactly temporal overlap between
them inside the BBO crystal. The intensity and spectrum of resulted SFG beam
is recorded by a spectrometer as a function of different delay time t¢.

20 pm
=300 Type | BBO

0=234" __- <G
E(t)/\ Reference 367 mW _;r,y;/ M
1028 am /’TN/ Spectrometer

A
" A9
Delay line Generated SC

f=100

Figure 3.13: Scheme of the XFROG setup: the test SC and reference beam
(fundamental 1028 nm pulse E(t)) are focused into a thin BBO crystal (type
I, 20 um thickness, 6 = 23.4°) by a concave mirror (f = 100 mm) and a
lens (f = 300 mm), respectively. The resulted SFG beam is measured and

recorded by a spectrometer.

In this XFROG setup, the fundamental 200 fs 1028 nm pulse serves as
the reference beam. Firstly, we avoid SFG process in the setup (see Fig. 3.3)
by moving the delay line. At the same time, we shift the YAG crystal a little to
avoid SC generation, and then run the XFROG. For this case, we get the result
shown in Fig. 3.14(a) which proves that the 4f-line produces a long pulse
successfully. Fig. 3.14(b) indicates that the pulse duration is about 2.1 ps.

49



3.3 Supercontinuum generation by ghost pulse

(a)

SFG A (nm)

o~

(o)

N
Y

Intensity

Time (ps)

Figure 3.14: The XFROG results of (a) the long pulse created by 4f-line, (b)
the intensity integration of this long pulse revealing that the pulse duration is
about 2.1 ps. The red dots denote the measured data. The solid blue line
represents the Gaussian fitting curve.

3.3.4 Sum frequency generation process

In principle, ghost pulse can be achieved by different nonlinear optical
processes, such as Kerr effect, SFG, etc. In this study, SFG effect is chosen for
the creation of a stable ghost pulse. As depicted in Fig. 3.15, SFG setups are
built using different incident beams. In case (a), the wavelengths of both
incident beams are 1028 nm, but one beam E,;(t) is shaped by the 4f-line
and the other one is the fundamental 1028 nm beam E(t). In case (b), the
beams for performing SFG process are 1028 nm beam Ejf(t), and the second
harmonic 514 nm beam Egy.;(t). Type I phase matching is chosen for SFG
process and thus both input beams should have the same polarization. In case
(a), the BBO is type I, 2 mm thickness, 8 = 23.4°, while for case (b), the
specification of BBO crystal is type I, 2 mm thickness, 8 = 32.5°. The focal
length of lenses used here is chosen to be 150 mm for forming suitable beam
sizes at focal position.

Note that, the lenses used in case (b) are made from CaF, material which
transmits light both at 514 nm and at 1028 nm and has low GVD. If we have
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the SFG from the beams E,;(t) and the fundamental E(t) (or the second
harmonic Egy; (t)), the energy of E,f(t) at the overlap area is depleted.
Thus, the pulse E4f(t) has hole and is our ghost pulse. We label this ghost
pulse generated by the SFG process as Egp o (t).

For checking the SFG setup we detect the signal of sum frequency. In
case (a), the wavelength of sum frequency beam generated by SFG process is
around 514 nm. It has green color and thus we can observe the sum frequency
beam by eye directly.

(@) 1028 o S0 ' b
m

1028 nm

Type | BBO
0=234"

t Delay line

b E,() =150 =150
(b) 1028 i N »—3
514 nm /\ Eera®

Type | BBO
=325

tDelay line

Figure 3.15: Scheme of the ghost pulse creation by the SFG process: (a) the
wavelength of both incident beams is 1028 nm and one beam comes from the
4f-line while the other beam is the short-pulse 1028 nm beam; (b) the SFG
process is carried out by 1028 nm beam obtained by 4f-line and 514 nm
generated by SHG process. The BBO crystal used in (a) is type I, 2 mm
thickness, 8 = 23.4°, while in (b) is type I, 2 mm thickness, 8 =32.5°. A
delay line stage is built to adjust the temporal overlap of the two beams inside
the BBO crystal.

In order to verify that the ghost pulse can be created by the SFG process,
we firstly did some theoretical simulations. Figs. 3.16(a) and (b) depict
theoretical calculated curves that a Gaussian pulse features a negatively ghost
Gaussian pulse at the center position. The depths of the ghost pulse are 50%
and 90% in cases (a) and (b) respectively. Figs. 3.16(c) and (d) present the
corresponding autocorrelation curves for pulses shown in 3.16(a) and (b).
Afterwards, we experimentally measured the autocorrelation curves behind the
SFG BBO crystal with and without the SFG process respectively. Fig. 3.17
shows an experimental example in which the pulse duration of pulse E,f(t)
is shaped to be ~750 fs. When we block the fundamental beam E(t) (or the
second harmonic Egyq;(t)), the measured autocorrelation curve presents the
pulse lengths of beam E,f(t), as shown in Fig. 3.17(a). When we open the
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3.3 Supercontinuum generation by ghost pulse

fundamental beam E(t) (or the second harmonic Egyg; (t)), the pulse length
of beam Egp,5:(t) is measured, as shown in Fig. 3.17(b). The shape of
autocorrelation curve matches our theoretical calculation (Fig. 3.16). This
experimental result proves the creation of the ghost pulse by the SFG process.
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Figure 3.16: Simulated curves of a long Gaussian pulse (7, = 2 ps) with a
centered short inverse Gaussian pulse (ghost pulse) (7, = 200 fs) at different
depths (a) 50% and (b) 90%. (c) and (d) are simulated autocorrelation function
(ACF) curves for the pulses shown in (a) and (b), respectively.
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Figure 3.17: (a) Autocorrelation curve of the long 1028 nm pulse E,f(t)

obtained by the 4f-line and its Gaussian fitting. The red dots denote the

measured data. The solid blue line represents the Gaussian fitting curve. (b)

Autocorrelation curve of the ghost pulse Egp,5.(t). The curve shape matches

the theoretical result and indicates the formation of a ghost pulse as a hole of

about 90% depth.

ok

The XFROG setup is also used to characterize the ghost pulse. Because
the SC generation setup is located before the XFROG setup (see Fig. 3.2), we
need to shift the YAG crystal to avoid the SC generation first and then adjust
the pulse duration of E,f(t) to be ~2 ps. Fig. 3.18(a) shows the XFROG
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Chapter 3 Negatively chirped supercontinuum generation by ghost pulse

results with a hole at the center position of the pulse. Fig. 3.18(b) shows the
corresponding intensity integration curve which presents the XFROG
projection of the ghost pulse. It directly proves that we can create a ghost pulse
by performing SFG process between the long carrier pulse and the short
fundamental pulse. Figs. 3.18(c) and (d) respectively present the theoretical
calculated and experimental measured autocorrelation curves of this ghost
pulse. The curves in Fig. 3.18(d) agrees with the curve in Fig. 3.18(¢c). Thusly,
the autocorrelation curve can also verify the formation of the ghost pulse.
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Figure 3.18: (a) XFROG result of pulse Egp,5(t) proving that a ghost pulse
is created by the SFG process. (b) The plotting of intensity sum of the XFROG
result (red dots), and its Gaussian fitted profile (blue curve) which shows the
XFROG projection of the ghost pulse. (¢) The simulated autocorrelation curve
of the pulse shown in (b). (d) The experimental measured autocorrelation curve
of the pulse shown in (b).

3.3.5 Supercontinuum generation by ghost pulse and its

characterization by XFROG and NOPA-technique

For guaranteeing the generation of reproducible and stable SC within a
desired wavelength range, the primary issue is to choose a proper nonlinear
medium. Fig. 3.19 summaries the widely used nonlinear media, different
driving laser sources and the corresponding spectra of the generated SC. Using
different media and different driving lasers, different SC will be produced. In
this work, YAG and sapphire crystals are used as the media for the SC
generation due to their outstanding physical properties, such as transparency
range and nonlinear index of refraction. Table 3.3 lists the GVD coefficients
and refractive indexes of YAG and sapphire at 1028 nm pump wavelength. We

53



3.3 Supercontinuum generation by ghost pulse

firstly used a thick 4 mm YAG crystal for SC generation by ghost pulse. The
setup for SC generation is shown in Fig. 3.20. The ghost pulse Egpos: (£) is
focused into a 4 mm YAG crystal by a lens (f = 100 mm) to generate SC
which is further collimated by a concave mirror with 100 mm focal length. A
variable neutral density filter and an iris are inserted before the focusing lens
to adjust the laser power and beam size, respectively. For minimizing the GVD
effect induced by the YAG crystal, the pumping beam should be focused as
close to the far side of the crystal as possible, as depicted in Fig. 3.21. In order
to take away the residual pump beam Egp ¢ (t) so that we can get a pure SC
beam, a harmonic separator HS,;,3, (1 mm fused silica, 0°incident angle,
EKSMA Optics) is also used to block the beam Egp,5:(t) (49 = 1028 nm)
and to transmit the generated SC.
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Figure 3.19: Summary of SC spectra generated by different media and
different pump wavelengths. In this work, YAG and sapphire crystals are used
for performing SC generation by ghost pulse. Data are from [19].

Table 3.3 The GVD coefficients and refractive indexes of YAG and sapphire
at 1028 nm pump wavelength.

I Y Y N A T
6.5

YAG 1028 66.92 1.81
Sapphire 1028 32.41 1.75 3.06
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Figure 3.20: Schematic drawing of the SC generation setup used in this work:

the ghost pulse Egp,s¢(t) is transmitted through a neutral density filter and

an iris, and then is focused into a 4 mm YAG crystal. The generated SC is

collimated by a concave mirror (f = 100 mm). The residual driving beam

Egnost (t) is blocked by a harmonic separator HS;43, to have pure SC pulse

at the output. ND - variable neutral density filter; HS1030 (1 mm fused silica, 0°
incident angle, EKSMA Optics) is a harmonic separator for 1030 nm.

YAG

1028 nm
driving beam Generated SC

Figure 3.21: A diagram indicating that, in order to minimize GVD effect of a
crystal, the focus of driving beam should be as close to the exit side of the
YAG crystal as possible.

As mentioned in Section 2.5.2, the critical peak power for self-focusing
can be calculated by [104, 107]:
3.7223

8mngn, ’

Py =

Considering the refractive indexes of YAG and sapphire at 1028 nm pump
wavelength shown in table 3.3, we can know the critical peak powers P.. are
1.35 MW for YAG, and 2.99 MW for sapphire, respectively. In our experiment,
the powers before YAG and sapphire crystals are about 30 mW and 27 mW,
respectively. As shown in Fig. 3.14, the pulse duration is about 2.1 ps.
Therefore, for the YAG crystal the peak power is around 7 MW which is about
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4 times higher than the critical peak powers P... For the sapphire crystal the
peak power is 6.4 MW and this is about one time higher than the P,.,. Typically,

eak power
f 14 14

a ratio o is experimentally of the order of ~1-5 for SC generation

in bulk [156, 157]. Therefore, the laser powers measured experimentally match
the theoretical estimations well.

Fig. 3.22 are two photographs of SC generation phenomena. When we
focus the ghost pulse into the YAG crystal, it is easy to trigger the SC
generation and we can observe the SC filament inside the crystal by eye. For
example, if we focus the driving beam in the center of the YAG crystal, the SC
is generated at the center position. For this case the SC filament length is about
a half of the crystal thickness, as shown in Fig. 3.22(a). As we shift the focus
position of the driving beam, the SC generation position is also shifted. As
shown in Fig. 3.22(b), the length of the SC filament is about 1/3 of the
thickness of the YAG crystal. As we have mentioned above, for minimizing
GVD effect, it is better to focus the driving pulse as close possible to the exit
side of the YAG crystal. We can observe the SC spot with a white paper.

Figure 3.22: Photographs of SC generation in a 4 mm YAG crystal with
different filament lengths. (a) The SC filament is about 1/2 of the thickness of
the YAG crystal. (b) The SC filament is about 1/3 of the thickness of the YAG
crystal. The solid white arrow denotes the direction of the beam propagation.
The dot white arrow points to the SC emission spot.

Self-focusing and diffraction in media can also modify pulse shapes in
space domain and further affect the spatial SPM. This is analogous to the
modification of temporal SPM by self-steepening effect. Consequently,
different frequency components diffract into cones with different divergence
angles. The generated SC looks like a round disk surrounded by rainbow-like
pattern. We call this effect conical emission. Fig. 3.22 shows a photo of our
experimentally generated SC with clear conical emission phenomenon.
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Figure 3.23: Photo of conical emission of SC generated in a YAG crystal (4
mm thickness). Different frequencies diffract into cones with different

divergence angles.
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Figure 3.24: The measured spectra of the SC generated by (a) the ghost pulse
and (b) the fundamental pulse (7, = 200 fs, 4, = 1028 nm) in a YAG
crystal. The result (a) was measured without the harmonic separator HS;y3g,

while the result (b) was obtained with the harmonic separator HS; 3.

The spectrum of SC generated by ghost pulse was measured by a
commercial spectrometer (Ocean Optics, HR 2000) and shown in Fig. 3.24(a).
The Stokes and anti-Stokes parts are asymmetric. Moreover, there exist many
small peaks due to the interference effect. Here, we also did a control
experiment generating SC using the fundamental laser pulse (z, = 200 fs,
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Ao = 1028 nm). Fig. 3.24(b) shows the spectrum of SC generated by the
fundamental laser pulse. The interferometric coherent structure is very strong
in the case of effective SC generation. The possible reason is that the normal
Gaussian driving beam gives rise to multi-filaments which further interference
each other. If we decrease the laser power of the pump pulse drastically, the
spectral structure of the generated SC can become much smoother. However,
in this situation the low laser power cannot generate a stable SC anymore.
Therefore, ghost pulse is much better than Gaussian pulse for a stable SC
generation with smooth spectral profile.

Our XFROG setup shown in Fig. 3.3 is also used to characterize the SC
generated by ghost pulse. Fig. 3.25 presents the XFROG result. In order to
prove that the SC is really generated at ghost position, we moved away the
harmonic separator HS;p3¢ and thus the XFROG result can characterize the
pulse Egp,s:(t) and the generated SC Egc(t) together. As shown in Fig.
3.25, it 1s clear that the spectral broadening only appears at the ghost pulse

position.
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Figure 3.25: XFROG result of newly generated SC Es.(t) together with the
ghost pulse Egpo5(t) demonstrating that the SC is only generated by the
ghost pulse.

XFROG setup is also used to characterize the SC generated by the
fundamental pulse (7, = 200 fs, 1, = 1028 nm). Fig. 3.26(a) presents the
XFROG results of the short fundamental pulse E(t), while Fig. 3.26(b) shows
the XFROG results of the short fundamental pulse E(t) together with the
generated SC Egq(t). From Fig. 3.26 we can find that the SC is obviously
positively chirped and matches the theoretical calculation (see Fig. 2.20(c)).
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Figure 3.26: (a) XFROG result of the 200 fs 1028 nm fundamental pulse E(t);
(b) XFROG result of the 200 fs 1028 nm fundamental pulse E(t) together
with the generated SC beam E(t), presenting that the newly SC is positively
chirped which matches the theoretical calculation.

Comparing Figs. 3.25 and 3.26, it is clear that the SC generated by ghost
pulse and by fundamental pulse are different. The SC generated by the 200 fs
fundamental pulse is obviously positively chirped (Fig. 3.26(b)). However,
from Fig. 3.25 the generated SC by ghost pulse does not present significant
negative chirp. It shows nearly zero chirp. This result does not agree with our
expectation that it should show clear negative chirp. The possible reasons are
the YAG crystal is too thick and the GVD coefficient of YAG (66.92 fs*/mm)
is rather high. The negative chirp of the SC generated by the ghost pulse has
been compensated by the GVD effect.
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Figure 3.27: SC generation by ghost pulse in a 1 mm sapphire crystal. (a)
XFROG result of the negatively chirped SC generated by ghost pulse. (b)
Comparing the red-shifted and blue-shifted components in time domain,
further showing that the blue-shifted light comes before the red-shifted light.

For proving our assumption, the 4 mm YAG crystal was exchanged by a
1 mm thin sapphire crystal. Comparing with YAG medium, sapphire has much
lower GVD coefficient (32.41 fs*/mm) what is beneficial to keeping the SC
negatively chirped. As shown in Fig. 3.27(a), the XFROG result suggests that
the SC generated in a 1 mm sapphire demonstrates clear negative chirp, i.e. the
shorter wavelength at 510 nm appear before the longer wavelength at 515 nm.
Further, we compare the sum intensity of red-shifted (A > 515 nm) and blue-
shifted (1 < 511.6 nm) wavelengths, as shown in Fig. 3.27(b). Obviously, the
blue-shifted wavelengths appear earlier than the red-shifted wavelengths. This
proves that the SC generated by the ghost pulse is negatively chirped.

In Fig. 3.4, another experimental setup is shown for negatively chirped
SC generation by ghost pulse. In this setup, the ghost pulse Egpos(t) is
produced by the SFG process between E,((t) and second harmonic Egyg (t)
pulses. The generated SC is studied by a NOPA-technique. On one hand, the
NOPA setup can be regarded as a practical application of the negatively
chirped SC generated by ghost pulse. On the other hand, the NOPA technique
can be a good approach to test the negatively chirped SC generated by ghost
pulse. Moreover, the generated SC is rather weak and thereby it is not easy to
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be characterized directly. A NOPA setup can amplify the SC for the further
study. The pulse duration of NOPA output can be easily measured by a
commercial autocorrelator.

Fig. 3.28 presents the NOPA setup built by us for the characterization of
the generated SC. In this NOPA, the generated SC Eg-(t) acting as the seed
beam is focused into a BBO crystal (type I, 1 mm thickness, 8 =23.4° ) by
a concave mirror (f =100 mm). The second harmonic 514 nm beam Egy (t)
is focused into the same BBO crystal by a lens (f = 300 mm) and serves as
the pump beam of NOPA. A hand-tuned optical delay stage varies the time
delay between the pump and seed beams in the BBO crystal. The amplified
signal is monitored by a spectrometer.
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Figure 3.28: Scheme of the NOPA setup: the second harmonic pulse Egyg (t)
and the generated SC Eg.(t) are focused into a BBO crystal (type I, 1 mm,
6 = 23.4°) by a lens (f = 300 mm) and a concave mirror (f = 100 mm),
respectively. A delay line is inserted in the second harmonic beam for adjusting
the temporal overlap of the two beams in the BBO crystal. A spectrometer is
used to register the NOPA output.

If the NOPA setup is well aligned, we should be able to observe the
phenomenon as shown in Fig. 3.29. Bright central spot denotes the pump beam
Egyc (t). Right side spot is the amplified signal Eg.(t), while the idler beam
appears on the left side.

As we have discussed in section 2.4, in the process of non-collinear
optical parametric amplification, the beams should meet the phase matching
condition:

-

Ak = kpump — Kigler — ksignal =0,
where k denote wave vectors and signal is our SC seed.

Different frequency components in seed beam can be amplified in NOPA

and the k vectors of the newly produced idler components have different

directions to fulfill the phase matching condition. Thusly, as shown in Fig. 3.29
the idler beam spreads like a colorful line in space.
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3.3 Supercontinuum generation by ghost pulse

Idler Pump Signal

-

2

Figure 3.29: Photograph of NOPA phenomenon. Bright central spot and the
right spot are the pump and the amplified signal beams, respectively. The left
colorful line denotes the produced idler beam.

Fig. 3.30(a) shows the output spectrum of the NOPA seeded with the SC
generated by the ghost pulse. The phase matching condition is satisfied over a
broad spectral range and the light at the corresponding frequencies is amplified.
Fig. 3.30(b) is the output spectrum of NOPA seeded with the SC generated by
fundamental pulse (7, = 200 fs, 1o = 1028 nm). From these (a) and (b)
figures we can see that the NOPA has rather broad amplification. However, we
find there are some differences when we align the NOPA setup. If the NOPA
is seeded by the SC generated by the ghost pulse, it is easy to amplify a very
broad spectral range covering 650-930 nm (about 4600 cm™). If it is seeded by
the SC generated by 200 fs fundamental pulse, it is difficult to amplify the
whole range of 650-980 nm. From this experimental result, it can be deduced
that the temporal overlapping between the pump and SC generated by the ghost
pulse is easier. A possible reason is that the SC generated by ghost pulse is
shorter than the pump pulse. According to this experimental result, we can
assume that the SC generated by the ghost pulse could be negatively chirped
and further compressed in optical elements with positive GVD. This property
can be used for generating short pulses from the NOPA or for expanding the
usable spectral range up to about 4600 cm™ in FSRS (femtosecond stimulated
Raman spectroscopy) experiments.
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Figure 3.30: The output spectra of NOPA seeded by different SC (a) generated
by the ghost pulse, (b) generated by the 200 fs 1028 nm fundamental pulse
E(t). The dot arrows point to the fundamental driving wavelength.

(a) (b) 1 ~

183 fs

Intensity
Intensity

Us L PR RN U R T N

S T e P | e TR | T T R

1 1 L 1§ 1 1 1
00 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14
Time (ps) Time (ps)

Figure 3.31: The autocorrelation curves of the outputs of NOPA seeded with
different SC as signal: (a) SC generated by the ghost pulse, (b) SC generated
by the 200 fs fundamental pulse E(t). The red dots denote the measured data.
The solid blue line represents the Gaussian fitting curve.

The autocorrelation curves of the NOPA output are also measured using
a commercial autocorrelator. As shown in Fig. 3.31(a), when NOPA is seeded
with the SC generated by the ghost pulse, the autocorrelation curve of NOPA
output shows about 40 fs pulse length. If we use the SC generated by the 200
fs 1028 nm fundamental pulse as the signal beam for NOPA, the duration of
NOPA output is about 184 fs (Fig. 3.31(b)). Because in these two different
cases, the pump beams are the same and thus the different pulse durations of
the NOPA output should result from the different signal seed beams. For the
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case shown in Fig. 3.31(a), the seed SC pulse generated by the ghost pulse
must be very short, otherwise we should not obtain such short NOPA output.
Combining the XFROG results (see Figs. 3.26 and 3.27), it can be deduced
that the generated SC is negatively chirped and afterwards the chirp is
compensated in the optical elements, such as YAG, sapphire and BBO crystals.
When the SC arrives to the NOPA’s BBO crystal, the negative chirp of the SC
pulse could be good compensated and be shorter than the SC generated by the
fundamental pulse. This could explain short (39 fs) NOPA output.

3.4 Summary

This chapter is mainly devoted to the description of the negatively chirped
SC generation by the ghost pulse. We present the details of the experimental
setups, as well as analyze and discuss the experimental results. According to
the SPM theory, a ghost pulse should be able to generate a negatively chirped
SC. Motivated by this idea, specific experimental setups including several key
units such as 4f-line, SFG setup, SC generation and characterization setups
were built. The 4f-line and SFG setup are used to create the desired ghost pulse.
The formation of the ghost pulse was verified by a home-built FROG setup
and a commercial autocorrelator device. Afterwards, the ghost pulse is focused
into a YAG/sapphire crystal to produce negatively chirped SC. Finally, the
NOPA and XFROG techniques are used to characterize the negatively chirped
SC. From the NOPA result, we can deduce that the SC generated by ghost pulse
should be negatively chirped. The XFROG result gives more convinced proofs.
It verifies that the SC can be generated by the ghost pulse because the spectral
broadening appears just at the position of the ghost pulse. It also proves that
the generated SC in 1 mm sapphire by the ghost pulse is negatively chirped.
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Chapter 4
Two-stage  non-collinear  optical

parametric amplifier

In this chapter, a two-stage non-collinear optical parametric amplifier
(NOPA) pumped by the second harmonic (1, = 514 nm) of Yb:KGW laser
light is described. The NOPA output tuned from 650 to 1000 nm. Pulse
compression of the NOPA output is performed using an Acousto-Optic
Programmable Dispersive Filter (AOPDF).

4.1 Introduction

Ultrafast optics has become a major technology in many modern studies
of light-matter interaction [54, 63]. It is necessary to develop applicable laser
sources which can supply pulse with ultrashort duration, high peak power and
broad frequency bandwidth. For example, in the field of pump-probe
spectroscopy, the research objects (atom, molecule, etc.) are excited by a
“pump” pulse and then the sample’s subsequent evolution is monitored by
observing the pump-induced absorption change which is measured by a
delayed “probe” pulse [38]. For investigating some fast-physical process, the
probe pulse should have a very high temporal resolution which means the
duration time of probe pulse should be very short. Moreover, different study
samples require variable beam powers and frequencies of both pump and probe
pulses. Hence, for a long time the generation of a tunable ultrashort pulse is
one of the major challenges in the field of ultrafast optics.

Basing on Ti:sapphire and Yb:doped gain media, Kerr-lens mode-locking
and chirped-pulse amplification (CPA), rugged, reliable and power scalable
sources of ultrafast pulses have been developed [65-68]. Up to now, this
technology is still the mainstream method to generate ultrashort pulse.
However, such kind of laser source can not supply tunable output radiation and
is limited in a narrow range around the fundamental frequencies (1040 nm for
Yb and 800 nm for Ti:sapphire).

In most cases, optical parametric amplifier (OPA) using nonlinear optical
effect can achieve frequency tunability. Up to now, OPA has become a standard
tool for the generation of ultrashort pulses over the spectral range from UV to
IR [93-100]. Non-collinear OPA, namely NOPA, is able to achieve phase
matching conditions over a broad frequency range and thus an ultrabroad
amplification output can be obtained. In order to get ultrashort pulses,
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4.2 Acousto-optic programmable dispersive filter

generally the NOPA output should be compressed. Traditional methods for
pulse compression are based on pairs of prisms/gratings [158-160], or SLM
[161-173] placed in the Fourier plane of a 4f-line configuration. Many valuable
studies have been reported with such devices [158-173]. However, these
traditional setups for pulse compression are rather complex and achievable
tunability is limited. In 1997, P. Tournois proposed a device, namely Acousto-
Optic Programmable Dispersive Filter (AOPDF) [174], which can compress
pulses in large dispersion-compensation ranges. AOPDF is an easy applicable
device.

In this chapter, firstly the basic concepts of AOPDF are described. Then
the build of two-stage NOPA and the experimental results are present and
discussed.

4.2 Acousto-optic programmable dispersive filter

Grating - Grating
Acousto-optic

modulator

(s
00/8‘ ™

T

Figure 4.1: Scheme of a pulse shaping setup using an AO modulator. The
construction structure of the setup is based on a 4f-line. Inside the AO
modulator, the acoustic wave shapes the incoming optical wave. This
interaction process is similar to the Bragg diffraction.

AOPDF is a device which enables independent phase and amplitude
control over each pulse [51, 174-178]. In an AOPDF, a radio-frequency (RF)
generator produces an electrical RF signal which then drives a piezoelectric
transducer. Afterwards the transducer launches a traveling acoustic wave into
an appropriate crystal. The acoustic wave induces changes of the refractive
index of the crystal and thus the diffraction angles of the light beam have been
changed. Modulator action is based on this principle. Therefore, when we
modulate the amplitude and phase of the electrical RF signal, the amplitude
and phase of the diffracted beam should be shaped. As shown in Fig. 4.1, the
pulse shaping setup using an acousto-optic (AO) modulator is similar to the
4f-line system shown in Fig. 3.9(a), but with the lenses and gratings displaced
to account for the beam deflection angles that accompanies AO modulation. In
this setup we can use the RF generator to produce arbitrary electronic
waveforms to drive the modulator so that the profile of the output pulse can be
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Chapter 4 Two-stage non-collinear optical parametric amplifier

controlled.

Dazzler is the commercial name of AOPDF which is produced by Fastlite
[179]. As shown in Fig. 4.2, it is mainly composed of three parts: an acousto-
optic crystal unit, an RF generator and a corresponding Laptop. In this study,
a Dazzler designed for working in the spectral range of 510-900 nm is used to
compress the NOPA output pulse.

(b) 7~ T

Laser output L

(a)
Laser input

R

RF generator

| | o
<«

Laptop Sync signal

Figure 4.2: (a) System components of a Dazzler device and (b) a photo of the

crystal unit of the Dazzler used in our study.

The AOPDF device can be manufactured using various crystals, such as
LiNbO3, PbMoOs4, or TeO,. As shown in Fig. 4.3, the commercial Dazzler
adopts a 25 mm long TeO- crystal as the active component for the acousto-
optic interaction. The acoustic wave is launched by a piezoelectric transducer.
The incident ordinary optical wave propagates collinearly with the acoustic
waves inside the TeO, crystal. The anisotropic interaction between them leads
to diffraction of an extraordinary wave (Fig. 4.4). Therefore, pulse shaping in
spectral amplitude and phase can be realized by controlling the optical path of
extraordinary propagation of spectral components. The maximum achievable
group delay is determined by the crystal length, e.g. ~3 ps for 25 mm long
TeO2crystal.

TeO, crystal

Laser inpu s
......... i | ———

3.8° Diffracted beam
Direct beam

Reflection on {44

the input face ™.
i ransducer

Reflection on
the output face Adaptation
circuitry

>

Ll
SMA plug
Figure 4.3: Top view of the Dazzler model. A TeO. crystal is used as the host
medium. The input laser is shaped by the acoustic wave.
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Ordinary
(fast axis)
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Figure 4.4: AOPDF principle. By acoustic grating diffraction, different
spectral components are converted from ordinary axis to extraordinary axis at
different positions in the TeOz crystal. The figure is reprinted from Ref. [180].

Inside the TeO2 crystal with a propagating acoustic wave, the optical
beam experiences Bragg diffraction. As shown in Fig. 4.4, consider a collinear
acousto-optic interaction in the direction of z axis in an anisotropic
photoelastic medium. The nonlinear acousto-electric interaction is given as
[174]:

E, (g e @outt=kout?) = E. (w,)e@nt=kin?) x §__(w,,)e!(@act—kac?),
(4.2)
where E i (Woue) » Em(wim) and S,c.(wge) respectively denote the
complex spectral amplitudes of the diffracted optical signal, the incident
optical signal and the acoustic signal; wg,,;, Wi and w,. respectively
represent the frequencies of the diffracted optical signal, the incident optical
signal and the acoustic signal; k,,:, ki, and k,. are the wavenumbers of
the diffracted optical signal, the incident optical signal and the acoustic signal.

The incident optical beam transfers energy to the diffracted optical beam

only with satisfying the phase matching conditions:
Woyt = Win + Wqc
kout = kin + kac. (4.2)
The working time window of AOPDF is [180]:

L
Thax = 6ng (AO)COSZ(ein)Z: (4.3),

where 6ny(4y) = ng.(4y) —ngy0(4y) (4.4)
is the group index difference, 4, - the center wavelength of the incoming
beam, L -the TeO: crystal length, ¢ - the light velocity, and 6;,, - the angle
between a reference crystallographic axis and the incident wave vector.
The pulse shaping resolution in frequency can be calculated by [180]:

sA 0.842 (4.5)

- dncos2(8ip)L’
The RF generator in Fig. 4.2 is interfaced with a Laptop and is controlled
by a commercial software (Fig. 4.5) from Fastlite. Using this software one can
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Chapter 4 Two-stage non-collinear optical parametric amplifier

program the acoustic wave conveniently. The RF generator can be triggered
by an internal digital signal or by an externally synchronized signal from the
laser system. The delay time between the RF generator and the trigger signal
can also be programmed. For a laser system output pulse at repetition rate 2
kHz, the RF generator is triggered every 500 us. The acoustic signal needs 25
us to travel through the 25 mm TeO: crystal and thus the maximum repetition
rate supported by Dazzler is 40 kHz.

B Dazzler WRS1C

DAZZLER .
465 | - [rep freq. = 2000 pwi/damage = 0% f/limit = 94% \
-

spectrum (a.u. vs nm)

I
|
|
I
!
|

[pwr/damage : continuous 128%, single 8%

Figure 4.5: GUI view of the commercial Dazzler software which provides

flexible controlling of key parameters.

4.3 Experimental setup of two-stage NOPA

4.3.1 Overview of the setup

Ultrafast laser - Two-stage NOPA ‘ Dazzler - Autocorrelator

Figure 4.6: Simple scheme of the setup of a two-stage NOPA using a Dazzler
for the output compression. The laser pulses are delivered to the two-stage
NOPA system and the NOPA output is compressed by Dazzler device and
characterized by an autocorrelator.

AOPDF is generally used as a convenient device to shape spectral
amplitude and phase of optical waves [51, 174-178]. For example, in an
ultrafast CPA laser system the AOPDF can be inserted between the stretcher
and the amplifier to avoid gain narrowing and get a smooth spectral shape.
AOPDF can also be used to produce two or more separated pulses in time. In
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4.3 Experimental setup of two-stage NOPA

this work, Dazzler is used as a pulse compressor at the output of a two-stage
NOPA. Fig. 4.6 shows the setup scheme. The layout of the two-stage
femtosecond NOPA is presented in Fig. 4.7.
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Figure 4.7: Optical layout of the setup: The main part of this setup is the two-
stage NOPA, and its output is compressed by a Dazzler device; then the pulse
duration is characterized by an autocorrelator. The red line denotes the
fundamental laser (1, = 1028 nm) light. The green line denotes the second
harmonic (1, = 514 nm) of fundamental laser light and this beam acts as the
pump beam in the NOPA. The multi-color line denotes the signal beam which
covers a broad spectral range. BS is beam splitter; DM - dichroic mirror; ND
- neutral density filter; HS1030 (1 mm fused silica, 0<incident angle, EKSMA
Optics) is a harmonic separator for 1030 nm.
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The start beam is supplied by an ultrafast Yb:KGW laser system with
output wavelength of 1028 =+ 4 nm, 2 kHz repetition rate, 2000 mW average
power, vertical polarization and ~200 fs duration time. This fundamental beam
is split by a beam splitter (R:T = 90:10). The reflected 1800 mW power light
is used to produce the second harmonic green pump pulse for the NOPA, while
the transmitted 200 mW power is used to generate the SC seed pulse. Here we
do not focus the fundamental beam into the BBO crystal to achieve higher
second harmonic generation ratio. Depending on the actual situation, Galilean
telescope arrangement with different focal lengths of the lenses can be used
here for obtaining more pump power for NOPA. A type I BBO crystal (5 mm
thick, 8 = 23.4°) is used for SHG process and it can yield a SHG efficiency
~16% and good quality spatial mode of the beam. The SHG green pulse is
reflected by a dichroic mirror (HR 532, HT 1064) to a delay line. The left
mirror of the delay line as shown in Fig. 4.7 is replaced by a beam splitter (R: T
= 35:65). Therefore, this beam splitter is used to split the pump at 514 nm into
two beams at ratio 35:65. The reflected 35% SHG pump is used to perform the
1* amplification process while the remaining transmitted 65% of the SHG are
used for the 2™ stage of non-collinear amplification.

The 10% transmitted beam of the fundamental laser is used to generate
the SC to be the seed signal for the NOPA. A convex lens (f= 100 mm) is used
to focus 200 mW fundamental pulse into a 4 mm thick YAG crystal to perform
SC generation. The strong SC with good spatial quality looks uniform. For
obtaining a good SC beam, an iris is also inserted to control the fundamental
beam size so that only the center uniform beam is used to perform SC
generation, and a variable attenuator is also added to reduce the intensity at the
YAG crystal until a uniform SC mode is observed. A lens with focal length /=
100 mm is used to collimate the generated SC. A dichroic harmonic separator
(HS1030, Femtoline Laser Harmonic Separator, R >99.5% at 1030 nm, EKSMA
Optics) is used to remove the residual fundamental laser light. As shown in
Fig. 4.7, the generated SC is focused by a concave mirror (f = 500 mm) a few
millimeters behind a 2 mm thick, type | BBO crystal cut at & = 23.4°. The 1%
stage non-collinear parametric amplification is carried out in this type | BBO
crystal. The 2" stage amplification setup is similar to the 1% stage. The 65%
SHG beam goes through a delay line and then is focused in a second type |
BBO crystal (2 mm thick, & = 23.4°) using a convex lens (f = 500 mm). The
output of the 1% stage NOPA is focused in the same BBO crystal by a concave
mirror (f = 500 mm) as the signal beam for the 2" stage of the NOPA. The
NOPA’s output is compressed by the Dazzler device.

4.3.2 Signal and pump beams for NOPA

In our NOPA system, the SC is used as the seed pulse. As shown in Fig.
4.7, SC generation is realized by focusing a small fraction of the fundamental
pulse (1, = 1028 nm) into a plate. Here we use a YAG plate with thickness of
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4 mm. We can adjust the pulse energy by a neutral density filter, the focusing
conditions by shifting the position of the plate slightly and the spot size of the
focused beam by placing an iris, until a good single SC filament is obtained.

Fig. 3.5 shows the spectra of the driving beam (A = 1028 + 4 nm) for the
SC generation. Using this 1028 nm Yb-based driving pulses, some media with
lower bandgap allows the generation of stable SC. In particular, for the driving
light at 200 — 400 fs pulse duration typically provided by Yb-based lasers, a 4
—6 mm thick YAG plate is a suitable choice which allows stable SC generation
without any damages of the plate. A very broadband seed is provided using the
SC generated in YAG plate. The duration of the NOPA output pulses is
determined by the temporal length of the amplified broad bandwidth.

The spectrum of generated SC is shown in Fig. 4.8. We can observe that
at the position of the driving pulse wavelength there is an intense residual peak.
This suggests the driving beam contains most of the energy. Besides this, a
broad continuum is formed in range of about 400 — 1000 nm. Here, the
measurement range is limited by our spectrometer working range which just
covers wavelength range of 178 — 1090 nm. In our experiments, the spectral
energy density of the broad continuum is 3 or 4 orders lower than that of the
driving pulse. The SC displays diffraction-limited spatial beam quality and
very good shot-to-shot stability. Therefore, it is an ideal seed for the NOPA
setup.
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Figure 4.8: A part of the spectrum of the generated SC. The wavelength range
longer than 1090 nm is not measured because of the limit of our spectrometer.

In the process of optical parametric amplification, energy transfers from
the strong pump beam to the weak signal beam. The characteristics of the
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pump pulse is one of the most important parameters which influence the
performance of NOPA setup. The pump wavelength affects the spectral tuning
range; the pulse duration and energy of pump determine the gain efficient, the
interaction length and the obtained energy of the amplified signal; the pump
repetition rate decides the average power flowing through the crystals.

In this work, the second harmonic of the Yh:KGW laser acts as the pump
beam for the NOPA. Fig. 4.9 shows the pump spectrum. The Broad spectral
region of 690 — 960 nm can be well covered by NOPA pumped by the second
harmonic of Yb:KGW laser.
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Figure 4.9: Pump spectrum of the NOPA. In this work, the second harmonic
of fundamental beam acts as the pump beam for the NOPA. The red dots and
the solid blue line denote the experimental measured data and the Gaussian
fitting curve, respectively.

4.3.3 Setup details

When we align the NOPA setup, bright superfluorescence rings
(emanating as a cone) in the visible can be observed after the NOPA BBO
crystal (see Fig. 4.10(a)). Because the polarization of pump beam is
horizontally, the BBO crystal should be also oriented horizontally along its
optical axis to generate superfluorescence. Once the intensity of pump beam
is high enough, it is not difficult to observe the superfluorescence rings. If
superfluorescence is not observed, the pump focus can be slightly adjusted and
the BBO can be slightly rotated along the vertical axis. If the pump intensity
is too high, the NOPA BBO crystal will also generate SC. This should be
avoided. We should ensure that the colored rings seen after the NOPA BBO
are superfluorescence rings. If the ring diameters change drastically with the
rotation of the crystal, it should be the superfluorescence rings. In the case of
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the colored rings generated due to supercontinuum, they remain constant under
crystal rotation.

Figure 4.10: Photographs of the output beams after the NOPA BBO crystal
pumped at 400 nm under different overlapping conditions. The central and
right-side bright spots denote the pump and signal beams, respectively. (a) The
pump beam induces multicolored parametric superfluorescence rings. (b) The
case that the pump and signal beams do not overlap well. (c) The case that the
phase matching is not completed. (d) The case that the phase matching
conditions have been satisfied completely. The figure is reprinted from Ref.
[181].

The crossing angle is determined by the pump wavelength and the signal
wavelengths that we want to amplify. Fig. 2.16 shows the theoretical phase
matching angle for NOPA using type | BBO crystal and central pump
wavelength of 514 nm. The white light seed and the green pump are crossed
at an angle of 2.3< as can be seen in Fig. 2.16. It is worth noting that, the
crossing angle inside crystal is significantly different with the angle outside of
the BBO due to the influence of the high index of refraction of BBO.

The internal angle can be calculated based on the pump and signal
wavelengths and the phase matching conditions. The external angle is the
angle outside of the BBO crystal. When the pump and signal beams enter the
crystal, the high refractive index of the BBO crystal bends the beams’ path so
that the external angle is different with the internal angle. The external angle
can be calculated by Snell’s Law. At this angle, the white light can be seen
along the circumference of the superfluorescence ring and this is a good
guiding factor to ensure correct alignment. If the white light is not seen on the
circumference of the superfluorescence ring, the amplifier’s BBO can be
rotated slightly along its vertical axis to change the superfluorescence ring
diameter in order to overlap with the white light seed.

The delay between the seed and the green pump can be set to zero by
adjusting the delay line stage, as shown in Fig. 4.7. While adjusting the delay,
one can obtain a bright signal as shown in Figs. 4.10(c) and (d). The idler (in
the infrared region) can be easily seen on a screen in front of the amplifier
crystal around the zero delay, through an infrared viewer or using a webcam
(with IR filter removed) while adjusting the delay. The idler beam appears on
the left side of the ring and on the left side of the pump spot. The signal is the

74



Chapter 4 Two-stage non-collinear optical parametric amplifier

amplification of the seed, appearing on the right side of the ring, along the seed.
While moving the delay line stage, once the idler is appeared, one can fix the
delay line stage at that position. We only need to move it slightly around that
delay position to detect the signal which might appear weak at first. At this
point the spatial overlap of the white light seed and the pump can be checked
at the crystal. The focal volume of the seed pulse should overlap with the focal
volume of the pump. Also, it should be ensured that the seed and the pump
remain spatially overlapped inside the crystal even while the delay stage
position is changed. Also, the pump power can be increased carefully for a
brief time, while looking for the signal. Once the signal is obtained, it can be
maximized by adjusting the wavelength tuning translation stage. Also, it is
important to have the lenses which are used to focus the pump and seed beams
on a XYZ lens mount. This will allow one to finely adjust the spatial overlap
between the seed and the pump and also move the focal point of the white light.
A poor overlap between the seed and pump pulse can give rise to a signal with
structures as shown in Fig. 4.10(b). One can observe that the superfluorescence
ring has completely disappeared, as shown in Fig. 4.10(d), when the green or
red amplified signal pulse is generated. When the angle between the seed and
the pump, and the crystal angle are slightly adjusted, all the colors in the
superfluorescence disappear and the output signal pulse spectrum broadens
(Fig. 4.10(d)).

4.4 Results and discussion

NOPA stands for the most widely used devices for obtaining few-cycle
tunable pulses [93-100]. In this work, we investigated the use of an Yb:KGW
laser at 1028 nm as laser source for NOPA that allows the full coverage from
visible to near IR spectral range. We focused on a NOPA pumped by the second
harmonic of the fundamental Yb:KGW laser pulses. This allows to extend the
tuning spectral range considerably to shorter wavelengths.

4.4.1 Broadband optical parametric amplification

In the process of optical parametric amplification, the pump wavelength
limits the shortest achievable amplification wavelength for a given nonlinear
crystal. As the amplified signal spectrum gets close to the pump wavelength,
idler wavelengths become long in IR range and can be absorbed by the crystal.
In our study, due to idler absorption above 3.1 pm, signal amplification at
wavelengths below 620 nm ceases in BBO.

Fig. 4.11 depicts the output spectra of the two-stage NOPA which covers
a broad amplified wavelength range from 620 nm to beyond 950 nm. This
amplified range matches the theoretical calculation as shown in Fig. 2.17.
Spectral range of over 200 nm width can be easily amplified. This provides
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sufficient bandwidth for pulses with a transform limit duration around 10 fs.
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Figure 4.11: Amplified spectrum of the two-stage NOPA pumped by 514 nm
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Figure 4.12: When the NOPA is seeded by multi-filaments SC, the NOPA
OUtpUt presents interference structures.
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The seed quality is important for obtaining good NOPA output. For
example, when high intensity of driving beam is used to generated SC seed,
this strong beam produces multi-filaments of SC which finally interfere and
form constructive/destructive structures. Thusly the NOPA output also shows
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interference structures (see Fig. 4.12). To avoid this unwanted process of
multiple filaments emerging from the focus, it is best to adjust the power of
our 1028 nm driving beam and focus it on the far surface of the YAG crystal
(see Fig. 3.13)

Fig. 4.13 shows typical output spectra of NOPA setup. It is convenient to
realize tuning by slightly modifying the phase matching angle and non-
collinearity for optical parametric amplification, and by delaying the green
(514 nm) pump pulse with respect to the longer (and chirped) seed pulse. The
produced outputs can be tuned continuously over visible to near IR regions.
Throughout all the tuning spectral range, the spectral curves are rather smooth.
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Figure 4.13: Tunable spectra of NOPA outputs. Using the two-stage NOPA,
we can obtain tunable outputs covering a broad spectral range from visible to
near IR.
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4.4.2 Pulse compression using AOPDF

In this experiment, the commercial AOPDF named Dazzler has been used
to compress the NOPA output yielding around 16 fs pulses in the 640-840 nm
spectral range. Fig. 4.14 shows the spectrum after the Dazzler. Fig. 4.15 shows
the second harmonic intensity autocorrelation obtained with the help of a
commercial autocorrelator (pulseCheck, APE, Berlin). The pulse duration is

77



4.4 Results and discussion

around 16 fs assuming a Gaussian pulse profile. Comparing Figs. 4.11 and
4.14, the optical yield of the Dazzler is commonly 60% in the whole spectral
range.
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Figure 4.14: The spectrum of the NOPA output diffracted by Dazzler. Because

of the spectral restrictions of the Dazzler, only a part of the spectral bandwidth
of NOPA output can be shaped by Dazzler.
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Figure 4.15: The autocorrelation curve of the NOPA output pulse compressed
by Dazzler. The red dots and the solid blue line denote the experimental
measured data and the Gaussian fitting curve, respectively.
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The pulse compression of NOPA output by Dazzler is not ideally
completed since the broad bandwidth introduces complicate high dispersion
orders. The pulse can not be well compensated by a linear acoustic chirp and
it is necessary to use nonlinear chirp signals. In this work, we tried to use
nonlinear 2" and 3" orders acoustic signals. However, the final compressed
signal (Fig. 4.15) still shows slightly low pre- and post-pulses. There is still
some residual uncompensated higher order dispersion.

4.5 Summary

Summarizing, in this chapter, we introduce principles of AOPDF and
demonstrate the two-stage NOPA pumped with the second harmonic pulses of
the ultrafast Yb-based laser system. In the first amplification stage, the
supercontinuum generated in a 4 mm YAG plate is used as a seed. The SC
contains a wide spectral range, which can be parametrically amplified. The
seed beam after the first amplification stage is used as an intense signal for the
second amplification stage in the NOPA. The output wavelength range of the
two-stage NOPA is tunable between 620 and 950 nm by varying the phase
matching conditions or controlling the time overlap between the chirped signal
and the pump pulses. The pulse compression of NOPA output is achieved using
the AOPDF. By optimizing pulse compression using different dispersion
orders, we obtained a ~16 fs ultrashort pulse.
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Chapter 5
Summary and outlook

Supercontinuum (SC) generation represents a versatile and unique source
of coherent radiation and has become one of the hottest topics in optical and
photonic sciences. This dissertation provides a novel method to generate
negatively chirped SC by so called ghost pulse. Using the presented method,
we succeeded in generating negatively chirped SC in the optical range of
normal GVD of used materials.

The SC generation in bulk media is mostly due to the self-phase
modulation (SPM) effect which produces the light at new red-shifted and blue-
shifted frequencies on the leading and trailing fronts of the driving pulse
respectively. It means that the newly generated light features positive chirp. It
could be theoretically good explained and modeled using a Gaussian-shaped
pumping pulse. We proposed and developed the idea of negatively chirped SC
generation due to application as the pump pulse the one with a Gaussian-like
hole. In the dissertation we call such kind of pulse a ghost pulse because it has
a hole, or negative intensity, in the working time-interval of the SC generation.

To generate the ghost pulse we use the following procedure. A part of the
short-pulse radiation is directed into a 4f-line pulse shaping system to produce
picosecond long pulse, which cannot generate SC itself due to its low peak
power. Then the long pulse is combined with the short pulse or its second
harmonic in a type I BBO crystal to realize sum frequency generation (SFG)
process. Due to strong energy depletion of the long pulse in the range of
overlapping with the short one we create the intensity hole and, as result, our
ghost pulse.

In our case the beam of linearly polarized pulses of duration ~200 fs at
1028 nm with 2 kHz repetition rate is divided into two fractions by a beam
splitter. One beam after the 4f-line pulse shaping system, which is built using
a folded optical geometry, consists of 1-3 ps long pulses. Further, due to SFG
in a 2 mm BBO crystal we create the ghost pulse with the 50-70% depletion
intensity hole of about 150-300 fs duration. The formation of the ghost pulse
was verified by a home-built frequency-resolved optical gating (FROG) setup
and a commercial autocorrelator.

The chirp of the generated SC is characterized by a home-built XFROG
setup. The experimental results reveal that the SC can be generated by ghost
pulse and it differs from the SC generated by short Gaussian pulse. The SC
generated by a short pulse is positively chirped, so that the red-shifted
frequencies appear earlier than the blue-shifted frequencies like it should be
according to the SPM effect. The SC from the ghost pulse is generated in 1
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mm sapphire and 4 mm YAG crystals. The SC shows clear negative chirp,
which is stronger in sapphire crystal. It is explained by lower GVD coefficient
of this crystal in comparison with YAG.

We tested the effect of negatively chirped seed on the duration of output
pulses in non-collinear optical parametric amplifier (NOPA). Such NOPA
technique is also a good approach to test the negatively chirped SC generated
by ghost pulse.

When NOPA is seeded with the SC, generated by the ghost pulse, we
manage to get very short output pulses of about 40 fs of the NOPA without
pulse compression. In case of seeding the NOPA with the SC generated by the
200 fs at 1028 nm laser pulse, the duration of NOPA output pulse was about
180 fs.

This is a clear demonstration of negatively chirped seed generated by the
ghost pulse. Because of positive GVD in all optical elements and crystals in
visible and near infrared, we get some compression of the negatively chirped
seed and, as result, very short NOPA’s pulses.

Moreover, we built a two-stage NOPA. Its output wavelength could be
tuned between 620 and 950 nm. We use an acousto-optic programmable
dispersive filter (AOPDF) to compress the output pulse. We managed to obtain
in this case an ultrashort pulse of about 16 fs duration. Our study shows the
improvement of ultra-short pulse generation in a two-stage NOPA and very
good spectral tunability of our NOPA based on Yb laser source.

Our experiments inspire future studies in distinct fields. First, this work
presents a unique way to generate a negatively chirped SC, which is of
importance in the fields of broadband spectral laser sources for ultrafast
spectroscopy, optical imaging etc. Future experiments could be focused on
systematical investigation of the ghost-pulse shaping to control parameters of
the negatively chirped SC. It could help to get perfect compression of the seed
due to positive GVD in optical elements and generate ultra-short NOPA-pulses.
It is worth to develop the ghost-pulse technique for the laser sources with
relatively long pulses, that cannot generate SC by themselves. Introducing
very short ghost pulses using laser pulses at other wavelengths in these long
pulses, we could generate SC in the spectral range of the long pulses, e.g, IR
or UV.
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