SUPERCONTINUUM GENERATION, SURFACE FOUR-WAVE
MIXING AND MULTIPHOTON ABSORPTION IN
NONLINEAR OPTICAL TRANSPARENT MEDIA STUDIED
WITH FEMTOSECOND LASER PULSES

A Thesis Submitted for the Degree of

DOCTOR OF PHILOSOPHY

By

R. SATI SANTOSH KUMAR

School of Physics

University of Hyderabad
Hyderabad - 500 046

India

February 2009



To my Parents
and
Grandmother



DECLARATION

I here by declare that the matter embodied in the thesis entitled
“Supercontinuum generation, surface four-wave mixing and multiphoton
absorption in nonlinear optical transparent media studied with femtosecond
laser pulses” is the result of investigation carried out by me in the School of
Physics, University of Hyderabad, India, under direct supervision of Prof. D.

Narayana Rao.

Place: Hyderabad
Date: (R. Sai Santosh Kumar)

i



CERTIFICATE

This is to certify that the work described in this thesis entitled “Supercontinuum
generation, surface four-wave mixing and multiphoton absorption in
nonlinear optical transparent media studied with femtosecond laser pulses”
has been carried out by R. Sai Santosh Kumar, under my direct supervision and
this has not been submitted for any degree or diploma at this or any other

University.

Place: Hyderabad

Date: (Prof. D. Narayana Rao)

Dean
School of Physics

iii



ACKNOWLEDGEMENTS

I express my deep sense of gratitude and profound thanks to my thesis
supervisor, Prof. D. Narayana Rao, for his inspiring guidance and constant
encouragement throughout the course of this research work. I have been able to
learn a great deal in this fascinating field of research through his inspiring and
thought provoking discussions, and I consider my association with him a
rewarding experience. His guidance to me goes even beyond science and he has

helped me to grow as a strong individual.

I thank Prof. V. Srivastava, Dean, School of Physics, former Dean Prof.
V. S. S. Sastry, and faculty for their co-operation in providing facilities in the
School. T should also express my sincere thanks to Dr. Suneel Singh for his
constant support in the development of the theoretical results during the course of
my dissertation work. The encouragement and support provided by the Non-

teaching staff in the school is highly appreciable.

My association with Dr. S. Venugopal Rao, ACRHEM has been very
rewarding and sincere thanks to him. I have learnt the art of literature search from
him. Special thanks to Prof. H. L. Bhatt and his research student Mr. Babu, for
providing the KDP crystals used in my studies and extending their crystal
polishing facility to me. I would like to thank Dr. L. Giribabu (IICT, Hyd.), for

providing me the phthalocyanine molecules for the multiphoton studies.

A special word of thanks and appreciation to all my lab seniors, Prem,
Naga Srinivas, Manoj. Sree Harsha, Bhakta, Chaitanya and Venkatram, for
constantly encouraging and supporting me throughout my time here and directly
helping me in getting into suitable research problems. Thanks to my present lab
members Maruthi Manoj, Deepak, Ali, Kurumurthy, Reddeppa, Balamurali,
Shekhar, Praveen, Sriram for creating friendly and pleasant lab atmosphere.

Without the support of these guys this thesis work wouldn’t have been successful.

v



At this juncture, I should extend my sincere thanks and deep appreciation
to my friend Dr. Jaggu for being my strength right through the course of my PhD
days. My heartfelt thanks to Shalu for being there for me always through out all

the ups and downs during this journey of four and a half years.

My gratitude to Dr. Basavoju for providing the accommodation at the
very beginning of my days in university and for his inspiring words of wisdom.
My stay on this campus has been pleasant with the association of many other
students whose list cannot be mentioned due to lack of space. I would like to
thank my SSSU classmates in Hyderabad. Special thanks to Sarat and Sampy for

constantly supporting and encouraging me.

The unconditional love of my Amma, Nanna and ammomma (granny) and
their blessings made me what I am today and I owe everything to them. Special
word of thanks to my little sister Sowmya. I would like to thank all my family

members and relatives for their support and guidance throughout my life.

As a final note, I would like to express my love and gratitude to
Bhagawan Sri Sathya Sai Baba, who is my source of inspiration, and who taught
me the basic principles of life. I thank him for giving me patience and
perseverance to endure challenges in my life. I dedicate this thesis at his lotus

feet.

R. Sai Santosh Kumar



Table of Contents

Declaration
Certificate
Acknowledgments

Chapter 1: Introduction

1.1  Introductory remarks on femtosecond laser technology
Fundamentals of femtosecond laser pulses
1.2.1 Relationship between pulse Duration and Spectral width
1.3 Nonlinear optics review
1.3.1 Interaction of light with a medium:
1.3.2 Interaction of light with nonlinear media
1.3.3 Second order nonlinear optical process
1.3.4  Third order nonlinear optical process
1.3.4.1 Techniques for measuring ¥ nonlinearity
1.3.4.2 Self focusing
1.3.4.3 Self-phase modulation
1.3.4.4 Multiphoton absorption
1.4 Pulse propagation equation through nonlinear media
1.4.1 Interpretation of the simplified NLSE
1.4.1.1 Group velocity dispersion
1.4.1.2 Self-phase modulation
1.4.2 Self-steepening
1.43  Space-time coupling
1.5 Organization of the thesis
1.6 Conclusions
1.7 References

Chapter 2: Experimental details and techniques

2.1  Laser system used

2.2 Pulse-width measurement: The autocorrelation technique
2.2.1 Experimental details
2.2.2  Signal interpretation

2.3 Calculating pulse broadening due to GVD

2.4 Details of the experiments presented in the dissertation
2.4.1 Supercontinuum generation
2.4.2 Degenerate Four wave mixing
2.4.3 Z-scan technique

2.5 References

Chapter 3: Supercontinuum generation in transparent media

3.1 Introduction and literature review
3.1.1 The critical power for self-focusing (P.,)
3.2 SCG in different media
3.2.1 SCG spectra in different media
3.2.2  SCG spectra with input peak power
3.2.3 Basic observations on SCG in transparent media

vi

il
iii

O o0 W

12
14
16
17
17
19
20
21
22
23
25
26
2
28
29
30

35-54

35
41
42
43
45

46
48
53
54

55-83

57
59

60
63
64



3.3

34
3.5
3.6

Mechanisms leading to SCG in bulk media
3.3.1 Spectral broadening due to SPM
3.3.2 Limitations of 1-D wave equation model
3.3.2.1 Assumptions considered for the 1-D modeling
3.3.2.2 Material dependence of SCG
3.3.3 Generalized theoretical formalism for SCG
3.3.4 Role of multiphoton ionization (MPI)
3.3.5 Role of spatio-temporal effects (conical emission of SCG)
3.3.6 Concluding remarks on SCG in bulk transparent media
Issues on SCG addressed in this dissertation work
Summary
References

Chapter 4: Broadband supercontinuum generation in a Potassium

4.1

4.2

43

4.4
4.5

Di-hydrogen Phosphate (KDP) crystal

Choice of KDP as SCG media
4.1.1  Anisotropy of x® in KDP crystal
Supercontinuum generation (SCG) studies in a KDP crystal
4.2.1 SCG in z-cut KDP media
4.2.1.1 SCQG studies with linearly polarized input pulses
4.2.1.2 Studies on the role of input polarization
4.2.1.3 Formation of the filaments
4.2.1.4 Coherence properties of SCG
4.2.1.5 Polarization properties of SCG
4.2.2 SCG studies with orientation of KDP and its applications
Broadband supercontinuum generation in a KDP crystal
4.3.1 Second harmonic generation (SHG) in tandem with SCG
4.3.2 Sum frequency generation (SFG) in tandem with SCG
4.3.2.1 Theoretical studies
4.3.2.2 On polarization of the broadband SCG
4.3.2.3 Generation of spectrally flat broadband SCG
Conclusions
References

Chapter 5: Depolarization properties of the supercontinuum

5.1
52
53

5.4
55

generated in condensed media and its control

Introduction

Experimental Details

Results and discussion

5.3.1 Depolarization properties of SCG from BK-7, BaF, and
KDP crystal

5.3.2 Reduction of depolarization in KDP crystal

Conclusions

References

Chapter 6: Femtosecond four wave mixing (FWM) at air-dielectric

6.1

interfaces

Introduction

Vil

64

67
68
69
71
72
73
75
76
77

85-118

87
88

91
91
95
98
98
100

101
104
109
112
113
114
116

119-146
121
124
126
134
143
144

147-175

149



6.2

6.3
6.4

6.5

6.5
6.6

Chapter 7: Multiphoton absorption and ultrafast nonlinear optical

7.1
7.2
7.3

7.4
7.5
7.6

7.7
7.8

(3)

Theoretical formulation of ' at surfaces

Experimental details

Studies on FWM at interfaces

6.4.1 Preliminary observations

6.4.2 Spectral studies with position of the slide

6.4.3 Intensity studies of FWM signal

6.4.4 Delay studies of FWM signal

Analysis of the experimental observations

6.5.1 Enhancement of ¥ at interfaces

6.5.2  Analysis for observation of no FWM from bulk
6.5.3  Analysis for observation of peak shift in FWM
6.5.4 On the nomenclature of usage of FWM and not THG
Conclusions

References

properties of alkyl phthalocyanines

Introduction

Molecular structure and spectroscopic characterization

Multiphoton absorption studies by Z-scan technique

7.3.1 Theoretical considerations for multiphoton absorption
processes

7.3.2  Experimental Details

7.3.3  Three photon absorption with 800 nm, 100 fs pulses

7.3.4 Two photon absorption with 532 nm, 6 ns pulses

Nonlinear refraction properties with closed aperture Z- scans

Optical limiting properties with ns pulses

Investigation of ultrafast nonlinear optical properties by

degenerate four-wave mixing studies

7.6.1 Experimental details

7.6.2  Third order nonlinear optical properties by DFWM
measurements

7.6.3  Figures of merit (FOM) for photonic switching
applications

Conclusions

References

Chapter 8: Conclusions & Future perspectives

8.1

8.2

Conclusions

8.1.1  Supercontinuum generation in KDP

8.1.2  Enhanced third order nonlinearities at air-dielectric
interfaces

8.1.3 Multi-photon absorption studies in organic molecules

Future perspectives

Appendix-I: Propagation of ultrashort pulses through nonlinear media
Appendix-II: About the author
Appendix-III: List of publications

viil

151
157

158
161
162
164

165
166
167
172
173
174

177-212
179
182
184
187
188
192

195
196

198

199

203

207
208

213-220

215

217

218
219

iii
X
X1



CHAPTER 1



Chapter 1 Introduction

Abstract

In this chapter important issues related to femtosecond (fs) pulses and its
relevance to this dissertation work are introduced and discussed. A fundamental
characteristic, like the time-bandwidth product for fs pulses is discussed in detail.
A brief review of non linear optics is presented. Important nonlinear optical
processes like second harmonic generation (SHG), parametric processes like sum
frequency generation (SFG) etc, self focusing and self-phase modulation and
multiphoton absorption are reviewed. The propagation of ultrashort pulse
through an optically transparent media is presented in detail. An overview of the

thesis is presented at the end.
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Introduction

1.1 Introductory remarks on femtosecond laser technology:

Timing is everything, as the old adage goes, and this is a pivotal time for
femtosecond laser pulse technology. Within a few decades of invention of the
lasers, scientists have quickly moved into the regime of femtosecond (fs) optics,
building lasers with pulses that last for only a few fs, or millionths of billionths of
a second (10" sec). This is a remarkable achievement, as on this time scale even
the movement of light seems insignificant: in one femtosecond, light travels only

300 nm, which is smaller than the diameter of most of the biological cells!

Femtosecond lasers have opened up a large variety of engineering and
industrial applications [1-3]. These ‘‘real world’’ applications range from high-
tech, such as high-speed circuit testing and biological imaging, to more everyday
applications such as inspection of packaged food. Significant advances were
made in developing compact, rugged, turnkey ultrafast lasers for use in many
such applications [4]. From a scientific standpoint, femtosecond optics has
therefore become a field of tremendous significance, spawning research groups
around the world. Chemists and physicists developed these lasers for measuring
extremely fast physical processes such as molecular vibrations, chemical
reactions, charge transfer processes, and molecular conformational changes. All
these processes take place on time scales of femtoseconds to picoseconds. In the
realm of condensed matter physics, carrier relaxation and thermalization,
wavepacket evolution, electron-hole scattering, and countless other processes

also occur on these incredibly fast time scales.

The evolution of ultrashort laser pulse technology and applications has its
roots in the necessity of shorter time pulses to measure a short-time event.
Perhaps nothing better illustrates the remarkable capabilities of very short light
pulses than the ability to capture on film the flight of a bullet as it tears through a

playing card, as shown in the famous pictures produced by Harold Edgerton, who
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pioneered fast strobe photography. The high speed and short duration of light
pulses can ‘‘freeze’’ the action of just about any processes that one can think of.
But the speed—or more accurately, the brevity of pulse duration—of light
sources has increased dramatically since the days of high-speed strobe
photography, which used light flashes on the order of microseconds. Today’s
ultrafast lasers produce pulses that are millions of times faster than the strobe
flashes used for strobe photography. Immediately following the first
demonstration of the laser by Maiman in 1960 [5], efforts were underway to
produce shorter and shorter optical pulses. Maiman’s flashlamp-pumped ruby
laser produced a burst of spikes, each several hundred nanoseconds [6]. The
application of Q- switching to lasers in 1961-62 allowed the production of single
pulses of just tens of nanoseconds [7]. The introduction of mode-locking in 1964
dropped the available pulsewidth to 100 picoseconds [8] and by 1981; pulse-
widths has been reduced down to 100 fs with the colliding-pulse mode-locking
technique [9]. With successive improvements in passive mode-locking and

dispersion compensation, few-cycle (sub-6 fs) pulses have been obtained [10].

Figure 1.1 gives a graphical representation of the improvements in
ultrashort pulse generation since the first demonstration of a laser in 1960. The
filled symbols indicate results directly achieved from a laser; open symbols
indicate results achieved with additional external pulse compression. Until the
end of the 1980s, ultrashort pulse generation was dominated by dye lasers, and
pulses as short as 27 fs with an average power of ~10 mW were achieved at a
centre wavelength of 630 nm [11]. External pulse compression ultimately
resulted in pulses as short as 6 fs—a world record result by C. V. Shank’s group
that was not surpassed for about 10 years [12]. This situation changed with the
discovery of the Ti:sapphire laser. Pulses with only two optical cycles at FWHM
(full-width half-maximum) at a centre wavelength of 800 nm have been
generated with Ti:sapphire lasers with more than 100 mW average output
power[13]. External compression resulted in pulses as short as 3.8 fs [14]. By the
year 2003 a new record of obtaining the shortest pulse-width of just 3.4 fs was

achieved by Yamane ef a/ [15]. Though at present much shorter pulses in the
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attosecond regime are accomplished, the current record in the femtosecond

regime is now held by Matsubara et al. for obtaining 2.6 fs [16].

First ML laser Ti:sapphire KLM
Chirped mirror
l l l CEO control
I I I I I
1960 1970 1980 1990 2000
10 ps 5
E Dye laser
‘ 27 ts with -10 mW
e 1 ps; Ti:sapphire laser
5 E 5 ts with =100 mW
: E
% _
=100 1s 4
g5 ]
:
o 10ts 5
i Compressed 7
1 IS _I T T T T
1960 1970 1980 1980 2000

Year

Fig. 1.1: Year-wise improvements in ultrashort pulse generation since the first
demonstration of a laser [figure adapted from ref. 4]

As the period of one optical cycle in the near-infrared is just ~2.6 fs,
lasers with pulse-widths in this range up to about 100 fs are generally termed as
“ultrafast” laser (a misnomer, since the light doesn’t go any faster-ultrashort is
more appropriate). Most of the research with fs lasers relies on three unique

characteristics of these ultrashort laser pulses.

(1) The geometrical path length of a fs pulse amounts only to several
micrometers (10 fs corresponds to 3 um in vacuum). Such a coherence length
is usually associated with incoherent light. Therefore a short pulse can be
used to measure very fast processes affording a high time resolution in pump-
probe measurements, allowing a wealth of physical process to be studied
including scattering times, carrier recombinations, coherent lattice
oscillations, plasma dynamics, and chemical bond-breaking. (In this context
“ultrafast” is not such a misnomer: ultrashort laser pulses enable the study of

ultrafast process)
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(ii) Energy can be concentrated in a temporal interval as short as several 10" sec,
which corresponds to only a few optical cycles in the visible range implying a
short pulse can create very non-equilibrium conditions. For example, ionic
cores respond much more slowly than valence electrons and a femtosecond
pulse can excite electrons to a very high temperature while the ions are still

cold.

(iii)) The pulse peak power can be extremely large even at moderate pulse
energies. For instance, a 50 fsec pulse with energy of 1mJ exhibits an average
power of 20 GW. Focusing this pulse to a 100 um? spot yields an intensity of
20 petawatts/cm” which means electric field strength of ~3GV/cm. This value
is larger than a typical inner atomic field of 1 GV/cm. As the electric field of
the laser becomes comparable to or exceeds the binding fields that hold the
material together, the familiar linear approximations used to describe the

interactions between light and materials break down.

Broadly one can envisage two powerful applications of femtosecond
pulses in optics - in probing processes on a femtosecond time scale and creating
high intensity photons. The latter has generated further interest in studying the
interaction of femtosecond pulses with optically transparent materials because at
such high peak intensities even these materials absorb laser radiation through
multi-photon processes. Manifestation of such mechanism is the observation of
numerous novel nonlinear optical (NLO) phenomena. Several processes such as
second- and third harmonic generation, optical parametric down-conversion, self-
phase modulation, self-focusing, multiphoton absorption, optical breakdown are
now routinely studied. Exotic phenomena including above threshold ionization
(ATTI), high-harmonic generation (HHG), attosecond pulse generation (1 atto =
107"® sec), and relativistic nonlinear optics are now demonstrated in the laboratory
[17]. On the other hand, the very property that is unique of fs pulses (short pulse
widths, high peak intensities), make working with ultrafast lasers a challenging
task. Typical unfocused emission intensities of these lasers are on the order of

tens to hundreds of GW/cm® (assuming single-stage amplifier). At this level of



Introduction Chapter 1

intensity, normal coated mirrors generally ablate and lead to laser damage of the

optical components.

In the linear optics regime, that is associated with very low intensities, the
interaction of light with transparent materials is straightforward. Light gets
refracted and is reflected at interfaces, and polychromatic light is dispersed with
propagation through a material [18]. However at the high intensities available
from fs laser pulses, the subject becomes much richer, as the pulse itself affects
and is affected by the material it propagates through in dramatic ways.
Interactions representative of both of these classes form the subject of this thesis.
As mentioned earlier though one can observe myriads of nonlinear optical
phenomenon with fs pulses, in this thesis we limit our studies to third order
nonlinear phenomenon associated with the interaction of fs pulses with

transparent media that are observed at high input intensities namely:

1. Supercontinuum Generation in which the fs pulse gets spectrally broadened

into white light after propagating in transparent media due to the complex
interplay of various nonlinear optical processes. This serves as an example
of a fs pulse getting affected by itself after interaction with media

2. Enhanced four-wave mixing at interfaces in which the enhancement of the

third order nonlinear susceptibility (3’) at air-dielectric-air interfaces is
demonstrated easily owing to the high peak intensity achievable with fs
pulses.

3. Multiphoton absorption in which the high intensities associated with fs

pulses can induce profound changes in the optical properties of a material
leading to the enhanced probability of the material absorbing more than one
photon before relaxing to the ground state. This serves as an example of a fs

pulse affecting the material.

SCG is a universal phenomenon observed when amplified fs pulses are
focused into most of the transparent media. As will be discussed in chapter 3, the

main mechanism contributing to SCG is self-focusing phenomenon followed by
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multiphoton absorption induced ionization (MPI) resulting in the appearance of
free electrons that enhances SPM and gives rise to the spectra broadening of the

input pulses. The large bandgap of transparent media enables n-photon absorption
(usually n>6). The self focusing, mainly due to third-order susceptibility ( ;((3)) of

the media, manifests strongly at high intensities available with fs pulses. As a
topic of immense interest we have attempted the SCG studies in nonlinear
crystals such as potassium di-hydrogen phosphate (KDP) that has a large band
gap of ~7.4eV. Assuming a guassian input pulse the focusing of fs pulses leads to

a certain Rayleigh range (2z,) that has same intensities available throughout the
length 2z,. Often the Rayleigh range extends beyond the interface of the media

bringing into picture the interface effects on the ;((3 ). Our studies established that

a simple interface between two non absorbing dielectric media has enhanced third
order nonlinearities owing to the symmetry breaking at the interface in normal
directions resulting in a large field gradient. Thus, it becomes essential to
consider the interface effects too. Furthermore, multiphoton absorption, being
purely intensity dependent, also manifests in the interaction of fs pulses with
materials possessing small bandgap. Organic molecules are one such example of
materials that exhibit strong multiphoton absorption. In the context of
multiphoton absorption we chose phthalocyanines as a particular organic
molecule of our interest that has received lots of attention because of their large ©

electron delocalization.

1.2 Fundamentals of femtosecond laser pulses:

Femtosecond laser pulses are electromagnetic wave packets and as such
are fully described by the time and space dependent electric field. In the frame of
a semi-classical treatment the propagation of such fields and the interaction with
matter are governed by Maxwell’s equation with the material response given by
the macroscopic polarization. The real electric field corresponding to an

ultrashort pulse oscillates at an angular frequency ®, corresponding to the central

wavelength of the pulse. To facilitate calculations, a complex field E(¢) is
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defined. It is defined as the analytic signal corresponding to the real field. The

central angular frequency ®, is explicitly written in the complex field, which
may be separated as an intensity function /(¢) and a phase functiony(¢):

E(t) = \J1(t) exp(io,t) exp[iv ()] (1.1)
The expression of the complex electric field in the frequency domain is obtained

from the Fourier transform of £ (t):
E(w) = F(E@) (12)
Because of the presence of the exp(im,f) term, E (w) is centered around ®,, and it

is a common practice to refer to E (o —,)by writing just E (®). Just as in the

time domain, intensity and a phase function can be defined in the frequency

domain:

E(0) = /S(0) explid(w)] (1.3)

The quantity S(w) is the spectral density (or simply, the spectrum) of the pulse,
and ¢() is the spectral phase. The intensity functions /(¢) and S(w)determines

the time duration and spectral bandwidth of the pulse.

1.2.1 Relationship between pulse Duration and Spectral width

We define the pulse duration 7, as the full width at half maximum

2
9

(FWHM) of the intensity proﬁle‘g(z‘)

and the spectral width Aw, as the

~ 2
FWHM of the spectral intensity‘E (co)‘ . Because the temporal and spectral

characteristics of the field are related to each other through Fourier transforms,

the bandwidth Aw, and the pulse duration t,cannot vary independently of each

other.

There is a minimum duration-bandwidth product given by:

Aw,t, =2nAv 1, 2 2ncy, (1.4)
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where ¢, is a numerical constant on the order of 1, depending on the actual pulse

shape. Some examples are shown in Table 1.1.

Table 1.1: Examples of standard pulse profiles. The spectral values are given for
unmodulated pulses (table adapted from ref. [3])

Shape Intensity profile Spectral profile Cp
[1(1)] [S(@)]
Gauss 2(t/r6)? w16\
: e*[T] 0.441
Sech 2
sech’(t/z,) e Ly 0% 5
Lorentz 2 |2 2oz,
A ¢ 0.142
Asym. ifre 4 -3, [2 T,
<BoH [e rial ] sech 0.278
Square 1 for [t/z,|<1 sinc’ (a)r,)
0.443

0 elsewhere

The classical physical relationship eq. (1.4), which leads to the quantum-
mechanical time-energy uncertainty principle, has several important

consequences in the filed of ultrashort light pulses:

1. In order to produce a light pulse with a given duration it is necessary to use
a broad enough spectral bandwidth. A Guassian-shaped pulse lasting for
one picosecond (10"% sec) has a minimum spectral bandwidth of 441 MHz

(Aw, =441 x 10'' Hz). If the central frequency v, of the pulse lies in the
visible part of the electromagnetic spectrum, say v, = 4.84x 10" Hz (i.e.
A, = 620nm), then the relative frequency bandwidth is Av/v, = 10°. But
for a 100 times shorter pulse (Af= 10 fs), Av/v,=0.1. As
|A/1/ /1| = Av/v, , the wavelength extension of this pulse is 62 nm, covering

15% of the visible window of the electromagnetic spectrum. Taking into
accout the wings of the spectrum, a 10 fs pulse covers most of the visible

window.

10
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ii. The equality in eq. (1.4) holds for pulses without frequency modulation

(unchirped) which are called “bandwidth limited” or “Fourier transform
limited” pulses. Such pulses exhibit the shortest possible duration at a given
spectral width and pulse shape.

iii. For a given spectrum, one pulse envelope can be constructed that has the
shortest possible duration. The shortest constructed pulse can only be

transform-limited if its spectrum is symmetrical.

1.3 Nonlinear optics review:

In this section we briefly review the basics of nonlinear optics [19-21].
The NLO effects due to second order and third order nonlinear susceptibilities are
discussed before we move the propagation of ultrashort pulse in a nonlinear

transparent medium in the next section.

1.3.1 Interaction of light with a medium:

A molecular medium, such as an organic crystalline or polymeric solid, is
generally non-conducting and non-magnetic and the electrons are regarded as
being tightly bound to the nuclei.The charge distribution induced in the molecule
by the field is approximated by that of an induced dipole. The applied field
polarizes the molecules in the medium, displacing them from their equilibrium

positions and induces a dipole moment x, , = —er, e is the electronic charge and

r is the field induced displacement. The bulk polarization resulting from this
induced dipole is given by P= — Ner, where N is the electron density in the
medium. The electric field inside the material is lowered by the polarization that
opposes the externally applied field. The reduction in field intensity in the
volume element containing the molecule of interest is by the factorl+ &, where
¢ 1s defined as the dielectric constant of the medium. If the field strength is
relatively low, the polarization of the medium is linear in the applied field.
P=y"E  .The proportionality constant is related to the dielectric constant

M

by e =1+4zy". 4 is susceptibility, a second rank tensor, because it relates

11
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all of the components of the polarization vector to all of the components of the

electric field vector.

Another quantity that is related to the polarization is the dielectric
displacement, D = E +4zP . E gives the contribution to the electric flux
density emanating from a distribution of charges, if those charges were in free
space. The effect on the medium is usually to reduce the forces between charges
by an amount proportional to the polarization of the medium. In vacuum, D and
E are equal. In an isotropic medium, D and E are parallel vectors and the
polarization response is equal in all directions. In anisotropic media, the vectors
D and E are no longer parallel and & is therefore a second rank tensor with
properties similar to the susceptibility tensor. The optical response of the medium
can equivalently be represented by its refractive index. For an isotropic medium

(@)

n, = &(w)=1+4zy' . Because of resonances in molecules and solids associated

with electronic and nuclear motions, the refractive index and, hence the dielectric
constant are complex quantities. Near a resonance corresponding to an electronic
absorption, the complex refractive index is given by n, =n+ik, the real part of
g(a)) and, hence n accounts for refraction while the imaginary part ik describes

the absorption of light in the dielectric medium.

1.3.2 Interaction of light with nonlinear media:

When a medium is subject to an intense electric field such as that due to
an intense laser pulse, the polarization response of the material is not adequately
described by equation 1.5. Assuming that the polarization of the medium is still

weak compared to the binding forces between the electrons and nuclei,

polarization can be expressed in a power series of the field strength £

P=y".E+y?:EE+y® EEE.. (1.5)

e The term that is quadratic in the field strength E describes the first

nonlinear effect. The coefficient y® relating the polarization to the square

12
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of the field strength E is called the second-order nonlinear susceptibility of

the medium. Its magnitude describes the strength of second-order process.
e The term y"” describes the third order processes. For most materials, the

higher-order effects are extremely difficult to observe. For this reason we

limit here our discussion up to and third-order effects.

Equation 1.5 can be recast asP = y_, .E, where Xy depends on the field

strength. All the nonlinear effects can be thought of as arising from field induced

modulation of the nonlinear index of refraction. And this nonlinear index of
refraction is related to the applied modulating electric field, E, through the

electric  field dependent susceptibility, ., of a material, through

n’=e=1+4rx y, where ¢ is the dielectric constant of the material at optical

frequencies. The induced polarization therefore results in a modulation of the
refractive index. The manifestation of the optical behavior can be clearly seen

by considering a sinusoidal field equation
E(z,t) = E, cos(ot —kz), with k> = ‘%"%2 (1.6)

where, £, defining the amplitude of the field, & is the propagation vector,

characterizing the phase of the optical wave with respect to a reference point, kz

describes the relative phase of the wave. Substituting 1.6 in eqn. 1.5 we have:
R.= ;((”EO cos(a)t - kz)+ ;((Z)E(f cos’ (a)t — kz) +;((3)Eg cos 3(a)t = kz)...

1
= P = yVE, cos(wt — kz)+ [Ejngg [1+ cos(2awrt — 2kz)|

R K%)cos(wf L AW Gj 0t — 3kz)}..

The above equation clearly shows the presence of new frequency components

(1.7)

due to the nonlinear polarization.
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1.3.3 Second order nonlinear optical process:

The second term gives of eq. 1.13 describes the processes due to second order
nonlinear susceptibility y*

i. a frequency independent contribution suggests that a dc polarization
should appear in a second order nonlinear material when it is
appropriately irradiated, termed as optical rectification.

1.  The presence of 2@ indicates the possibility of second-harmonic
generation (SHG).

iii. One can also envisage parametric processes involving y'*like sum-

frequency generation (SFG) and difference frequency generation (DFG).

There is an important symmetry constraint for observing second harmonic
generation or other quadratic (and in general any even order) NLO effects. In
systems having a center of symmetry, reversal of the electric field should exactly
reverse the polarization, i.e., P (E ) = ] (E ) In order for Equation 1.9 to satisfy
this condition, all coefficients of even powers of E have to be equal to zero. In
noncentrosymmetric systems no such equality exists and P (F? )7& —13(177 ) This
implies that quadratic and other even order effects are possible if and only if the

system is noncentrosymmetric (i.e., if it lacks the center of inversion).

1.3.3.1 Second harmonic generation (SHG)

When a noncentrosymmetric crystal is illuminated with photons with
angular frequency o some pairs of these photons disappear, replaced by single
photons with angular frequency 2. This effect is called second-harmonic
generation. The SHG process is illustrated schematically in figure 1.2. The most

common way to do this is to use birefringent crystals for which the ordinary (n,)
and extraordinary index (n,) surfaces for the fundamental and doubled

frequencies cross one another as shown in figure 1.3. Calculation of the phase-

matching angle €. between the propagation direction, taken orthogonal to the

14
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surface of the crystal, and the c axis of the crystal can be made using the

equation:
( | Jz _cos’(9) _ sin’(0) =[ 1 Jz (1.8)
) (nf'” )2 (nf” )2 n, (0)

Various situations can be encountered depending on the birefringent crystal: in

positive crystals, like quartz, n, >n_ , while in negative crystals, like calcite,

n, <n,. For type I phase-matching crystals the two mixing photons have the

same polarization direction, while in type II crystals they are orthogonally

polarized.
NTE ik a
0]
S——n > 2R R L 20
w ) A
2 X 2w
e b
Y

Fig. 1.2: (a) Geometry of SHG, (b) Energy-level diagram describing
SHG. (figure adapted from ref.[19])

optical axis
A i
c K
)
2
N (0)
L]
Na(8)

i) o

e (#) n%g ()

Fig. 1.3: Thin lines: intersection of the plane containing the ¢ axis of a birefringent crystal with its
ordinary index surfaces. Thick lines: intersection with the extraordinary surfaces(figure
adapted from ref.[3])
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1.3.3.2 Parametric interactions:
Apart from SHG, the second-order susceptibility y'* is responsible for a

variety of other effects involving three photons and generating new frequencies.
These effects are called parametric effects. A classification of these parametric

effects can be based on energy and momentum conservation for the three photons

involved in the process. A nonlinear crystal with second-order susceptibility z”
is illuminated with an intense pump pulse containing n, photons at angular
frequency w,and a weak signal pulse containing n, photons at angular
frequencyw,; n, photons are emitted with angular frequencyw,. Such a
classification is given in Table 1.2.

Table 1.2: Optical parametric interactions ordered according to energy and momentum
conservation (table adapted from ref. [3])

Photon number ®, > 0, ®, < o, Photon number
variation variation

n, —1 Frequency Frequency sum n, —1

difference

n, +1 W, =0, -0, 0, =0, +o, n, +1

n, +1 k, =k, +k, ky =k +k, ny +1

n, —1 Frequency sum Parametric n +1

amplification
n, —1 0, =0, +o, W, = 0, — 0, Pisaa]
ny +1 ky =k +k, ky, =k +k, ny +1

1.3.4 Third order nonlinear optical process:

The third term in Equation 1.13 describes two terms (a) a frequency
response at the frequency of the optical field at 3w that leads to third harmonic
generation (THG), and (b) the a nonlinear contribution to the polarization at the
frequency of the incident field: this term hence leads to nonlinear contribution to
the refractive index experienced by a wave at frequency ®. The refractive index
in the presence of this type of nonlinearity can be represented as

n=n,+n,l (1.9)
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127°
where n is the usual refractive index ,and 7, = —5— X% @ (1.10)
nyc
is an optical constant that characterizes the strength of the optical nonlinearity.
Some of the processes that can occur as a result of the intensity-dependent

refractive index of our interest are self-focusing, and self-phase modulation.

1.3.4.4 Techniques for measuring x(3) nonlinearity:

The magnitude and response of third-order nonlinear susceptibility are
important parameters in characterizing and determining the applicability of any
material as a nonlinear optical device. There are several techniques [19-21, 28]

for measuring these parameters that include

1. Degenerate Four Wave Mixing (DFWM): For measurement of both
magnitude and response time of the third-order nonlinearity.

2. Third Harmonic Generation: For measurement of magnitude of third-order
nonlinearity only.

3. Z-scan: For measurement of sign, magnitude of third-order nonlinearity.

4. Time-resolved Optical Kerr Effect and Transient Absorption techniques: For
the study of photo-physical processes determining the nonlinearity.

5. Time Correlated Single Photon Counting (TCSPS) technique to measure the

radiative (fluorescence) lifetimes

Among which DFWM and Z-scan are widely used techniques for measuring
both absorptive and non-absorptive nonlinearities and we employed these
techniques in the studies presented in this work. The details of each technique

would be presented in chapter 2.

1.3.4.2 Self-focusing:

The change in the refractive index or spatial distribution of the refractive
index of a medium due to the presence of intense optical field called nonlinear

refractive index (n,). The refractive index of air »in the presence of an intense
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electromagnetic field does not only depend on its frequency, but also on the space

and time dependent intensity /(r,¢)of the laser according to the law:

n=n,+n,1(r,t) (1.11)

The coefficient n, is usually positive, leading to an increase of the

refractive index in the presence of intense radiation. Assuming monochromatic

incident laser beam with a Gaussian-beam intensity profile given:

92 _ 22
I(r,t)=1, exp(—jj , implyingn=n, +n,1, exp(—:J , can be expanded into
Q) ®

0 0

infinite series; Considering only first order term of the infinite series, the

2r?
intensity of the beam, at the center of the beam is given by 7, + n,I, (1- —2)
0
In such scenario the phase delay relative to the radial coordinate of the wavefront
is given by
2r?
@(r) = nkyL = nok,L —n,k LI ( iy )

0

= (1.12)
= @(r) =const.—2n,k LI (—)
@,

which is very similar to that of a lens is involved, with the difference that here the
effect is cumulative and can lead, in the absence of other saturating effects, to a
catastrophic collapse of the beam on itself. This effect is represented in a

diagrammatic way in figure. 1.4.

Kerr Medium L

Fhase fronts

Fig. 1.4. Distortion of the wavefront of laser beam leading to self-focusing in
a nonlinear medium for n, >0
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1.3.4.3. Self-phase modulation:

Self-phase modulation (SPM) is a nonlinear optical effect of light-matter
interaction. An ultrashort pulse of light, when traveling in a medium, will induce
a varying refractive index of the medium due to the optical Kerr effect. This
variation in refractive index will produce a phase shift in the pulse, leading to a
change of the pulse's frequency spectrum. The nonlinear index of material
depends on the time dependence of a light pulse intensity envelope, which can be

expressed as:

n=n, +n,I(r,t), I(t) =T

To examine the influence of this time varying index on the frequency of the light,
we simplify our analysis by considering a plane wave propagating in a nonlinear
medium: E(z,t) = E, cos(o,t —kz), where k = (o, /c)n(t)

The instantaneous frequency, being the time derivative of the phase, can be

written as
d w, on(t)
olt)=—o(t)= v, -———"z 1.13
( ) ot ( ) ‘e ot i
and the frequency variation can be written as
solt JE o) - ot — Lo, 210) (1.14)
2c ot
[ 8w
o+ dw
leading
edge

-

t red

Fig. 1.5. (Lef?) intensity dynamics of a Gaussian light pulse; the earlier times, i.e. the leading
edge of the pulse, lie on the left side of the graph. (Righf), time variation of the
central pulsation, which is proportional to the negative of the pulse envelope
derivative when the nonlinear index of refraction is positive (figure adapted from
ref.[31)
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Figure 1.5 shows a graphical elucidation of the above relation in case of
the considered pulse of Gaussian phase variation. As a consequence of the
Fourier duality between time and frequency, an application of periodic amplitude
or phase modulation to a periodic signal results in creation of new components in

its frequency spectrum. In the self-phase-modulation process, with n, positive,

new low frequencies are created in the leading edge of the pulse envelope and
new high frequencies are created in the trailing edge. These new frequencies are
not synchronized, but are still created inside the original pulse envelope. Self-
phase-modulation is not a dispersive effect in itself, but a pulse does not remain

transform-limited when it crosses a transparent material.

1.3.4.3 Multiphoton absorption

Nonlinear absorption refers to the change of transmittance of a material as
a function of intensity or fluence. The high intensities associated with fs pulses
can induce profound changes in the optical properties of a material leading to a
nonlinear response of the real and imaginary parts of polarization. The imaginary
part of the nonlinear polarization is associated for instance with multiphoton
transitions and will exhibit a n-photon resonance when two level of an atomic or

molecular system can he connected hv n ontical ananta as shown 1n ﬁgure 1.6.

one-photon  two-photon three-photon  N-photon

Fig. 1.6. Examples of multiphoton processes (figure adapted from ref. [21])

At sufficiently high intensities, the probability of a material absorbing
more than one photon before relaxing to the ground state can be greatly

enhanced. As early as 1931 Goppert-Mayer derived the two-photon transition
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probability in a system using the second order quantum perturbation theory [23].
With the availability of high intensities with fs pulses, in addition to numerous
investigations into this phenomenon of the simultaneous absorption of two
photons, multiphoton (>2) absorption has also been widely studied. Multiphoton
absorption processes are highly promising for a number of processes including
optical limiting [24], 3D microfabrication [25], optical data storage [26], and

biomedical applications [27]. More on this is discussed in chapter 7.

1.4 Pulse propagation equation through nonlinear media

In the present section we discuss the fate of an ultrashort pulse
propagating through a nonlinear media. We begin our discussion starting from
the generalized nonlinear Schrodinger equation (NLSE) as derived in Appendix

I. The discussion in this section is along the notation followed by Boyd [21]. The

generalized NLSE for the slowly varying field amplitude A (7,¢) is as follows:

. -1 2 . 2
19 v o, Dok, BlAG = 01 L0 5 (L1s)
0, Ot 0z' c ot

where the nonlinear polarization is expressed in terms of its slowly varying
amplitude approximation p(7,t) . The above equation includes the effects of
higher-order dispersion (presence of 5), space-time coupling [presence of

factor[l L L J in the left hand side of the Eq.] and self-steepening [influence of
®, Ot

factor[l . 2 j in the right hand side of the Eq. on the nonlinear source
, Ot

term p(7,¢) ]. The higher-order dispersion term D is  defined
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1.4.1 Interpretation of the simplified NLSE:

For simplifying the generalize NLSE, we make the following

approximations and assumptions:

e We consider only the second-order dispersion term Dzlkz(ia) and
2 ot

ignoring the correction terms i by replacing 1+Lﬁ by unity.
®, Ot o, ot

e For the case of material with an instantaneous third-order nonlinear

~ 2 ~
response, the polarization is given by: p(7,t) =3x(3)‘A(F,I)‘ A(7,t)

Making use of the above mentioned approximations the generalized NLSE can be

simplified into:

{Vi +2ik0§+2k0( k{l@gjﬂA(F = - ﬁwo 3|4
Z

Rearranging the above Eq. we obtain:

AFn  (1.16)

8A(7,t): i ——ki omim, (o )‘A‘
oz 2k0 2 %0 myc L

(@) (i) (iit)

(1.17)

Equation 1.17 lead to the interpretation that the field amplitude A varies with the
propagation distance z because of three physical effects indicated below:
(1)  describes the spreading of the beam due to diffraction
(1))  describes temporal spreading of the pulse due to group velocity
dispersion, and
(ii1))  describes the non-linear acquisition of phase
We now define the distance scales where each of the three effects becomes

appreciable:

Ly = % k,o, (Diffraction length) (1.18a)
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2
T

L, = ﬁ (Dispersion length) (1.18b)
2

L, = o€ = ! (Nonlinear length) (1.18¢c)
6mo,y " |A| ((O/C)”zl

Here ®, is the measure of the characteristic beam radius, and 7,is a

measure of the characteristic pulse duration. The significance of these distance
scales is that for a given physical situation the process with the shorted distance

scales is expected to be dominant.

1.4.1.1 Group velocity dispersion

The first case of interest is for materials in which the nonlinearities are
small resulting in the pulse propagation dominated by group velocity dispersion.
The group velocity dispersion (GVD) describes the variation of group velocity
through a material as a function of wavelength. In normal dispersion, the red
wavelengths travel faster than the blue wavelengths. The reverse is true with
anomalous dispersion. An fs pulse necessarily has a large spectral width. As a
consequence, GVD can affect the propagation of an fs pulse by introducing a
phase delay as a function of wavelength (or chirp), and by changing the pulse-
width. In the case of GVD dominated propagation, Eq. (1.17) reduces to

, 2
0A(z,1) oI 02 A(z,1) b 10

oz % ot?

The solution of (1.19) can be obtained analytically in the frequency domain and

1s of the form:

A(z,Q) = A(0,Q) exp(—i%()zz] (1.20)

where A(z,t)can be obtained by the Fourier transform of (1.20). To illustrate the

concepts of chirp and pulse broadening, consider a Guassian input field having a
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pulse envelope given by A(z,t) = A(z) exp[— (z'/ \/Ez'o )2} with a pulse width 7.
To solve (1.20), we first find Z(z =0,Q) to be

7(0,Q) = V277, 4(0) exp[— s, /\/5)2} (1.21)

Substituting (1.21) in (1.20) and taking the inverse Fourier transform, we find

To

A(z,7) = T A(0) exp[— (r/zg)z] (1.22)

where &2 = (rg +ik22)/2. By rewriting& = | exp[-igp(z)], substituting into

(1.28) and simplifying, one can write the field amplitude as

2
A(z,7) =A<0)[1 +[ij ]
Ldis
_ Yan| 2 =27 =70 14|
where ¢(z) 5 tan (Ldis ), v(z,7) Afj_fdeis ;and 7, =75 {IJ{L&S H

L, 1is the dispersion length as define in [1.18(b)]. We see now that the temporal

-1/4

exp| ip(2) + iy (z,7) [ \/ETT J (1.23)
eff’

pulse width has now changed to 7, , as a function of the propagation distance

through the material. This pulse width spreading is proportional to the GVD
coefficient though L, . Rewriting (1.23) in the form

A(z,7) = A(O)[l + (ij }

(1.24) shows that the propagating Gaussian pulse now has a linear chirp

~1/4

2
T
exp| ip(z) +iCt’ —( ] (1.24)
V2r,,

coefficient C given by C= . The chirp coefficient defines how the phase

2
Teﬁ’ dis

of each frequency component develops as it propagates a given length, and is
dependent on k,and inversely proportional to initial pulse width. Shorter pulses

have stronger chirp due to GVD. Figure 1.7 is a pictorial illustration of the effect
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of GVD on the temporal profile of an ultrashort pulse. The pulse broadens with
time but, from energy conservation, its time-integrated intensity remains
constant.

In all practical applications while a making intensity calculation which depends
on the pulse-width it is important to estimate the pulse broadening due to the
GVD as it propagates though various optical components before actually
reaching the sample. Further discussion on this issue is addressed in the next

chapter.

Fig. 1.7. Figure showing the effect of GVD on the pulse propagating in a lossless,
transparent medium along x-direction (figure adapted from ref. [3])

1.4.1.2 Self-phase modulation

We next consider the case where GVD is negligible and only the
nonlinearity on the right hand side of (1.17) exists. This is the case where self-
phase modulation is expected to dominate. As discussed in the earlier section, the
effect of SPM considering 7, to be positive, new low frequencies are created in
the leading edge of the pulse envelope and new high frequencies are created in
the trailing edge. In regions of normal dispersion, the "redder" portions of the

pulse have a higher velocity than the "blue" portions, and thus the front of the
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pulse moves faster than the back, broadening the pulse in time. In regions of
anomalous dispersion, the opposite is true, and the pulse is compressed
temporally and becomes shorter. If the pulse is of sufficient intensity, the spectral
broadening process of SPM can balance with the temporal compression due to
anomalous dispersion and reach an equilibrium state. The resulting pulse is called
an optical soliton. Another important consequence of SPM in the fs regime is that
due to the availability of high peak intensities there is enormous amount of phase
modulation taking place that results in super-broadening of the initial pulse
spectrally leading to a phenomenon called the Supercontinuum generation [22].

More discussion regarding SPM induced SCG is presented in chapter 3.

1.4.2 Self-Steepening

As mentioned in the beginning of this section, influence of the

factor(l L j in the right hand side of (1) on the nonlinear source
®, Ot

term p(7,t) leads to phenomenon termed as self-steepening. To study the effect

of self-steepening alone the standard procedure is to drop the correction factor

L% in other parts of the equation. Self-steepening has been first described by
(DO

De Martini et al. [29] for guassian pulses in a dispersive medium and its effects

on the ultrashort pulse propagation were shown by Yang and Shen [30]. Briefly,

the factor {1 LN j in the RHS of (1.23) results in a intensity dependant group
®, Ot

index nj. The intensity dependence of nf leads to the phenomena of self-

steepening as described pictorially below in figure 1.8.

(a) (b) (c)
— S— —_—
Z Z Z

Fig.1 8: Self-steepening and optical shock formation (figure adapted from ref. [21])
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The incident optical pulse is assumed to have a Gaussian time evolution.
After propagation through a nonlinear medium, the pulse displays self-
steepening, typically of the trailing edge as shown in figure 1.8(b). If the self-
steepening becomes sufficiently pronounced that the intensity changes

instantaneously, an optical shock wave is formed as depicted in figure 1.8(c).

1.4.3 Space-time coupling:
To study the effect of space-time coupling, we start with an assumption
that the pulse is propagating through a dispersionless, linear media. In this

scenario the wave equation (3) becomes

J -1
(HLQJ V2 A1) + 2ik, 2 A(F,8) = 0 (1.25)
030 T GZ'

The first term is said to represent space-time coupling because it involves both
temporal and spatial derivatives of the field amplitude. For deeper understanding

we rewrite (5) as

V2 A7, 1) +(1+L3j2ik0 TS - 0 (1.26)
®, 0t 0z'

—idwt

Consider an artificial medium of the form Z(F, t)=a(r)e ; such that the

field is monochromatic at frequency ®, +dw. Substituting we obtain

V3ia(r) +(1+6—w]2ik0 %a(?) =0 (1.27)
Z

O,

which can be rewritten as

V2a(7) + 2i(k, + Sk)g a(F)= 0 (1.28)
Z

where 8k = k,(8w/w, ). This wave thus diffracts as a wave frequency , + 3w

rather than a wave of frequency ®, . In general in the case of ultrashort pulse, the
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operator (1 L L0 } describes the fact that different frequency components of the
®, Ot

pulse diffract into different cone angles. Thus, after propagation different

frequency components will have different radial dependences [31].

1.5 Organization of the thesis

Chapter 2 is devoted for the discussion on the experimental details of
various experiments carried out during the period of the dissertation work. The
details of the laser system and its pulse-width characterization are also presented
here.

Although all the work described in this dissertation involves the
interaction of short laser pulses with transparent materials, several different
nonlinear phenomena were studied and many different experimental techniques
were used. For this reason, I have tried to make each of the experimental chapters

(3 —7) as “stand alone” as possible, so that they may be read independently.

Chapter 3 serves as an introductory material to the complex phenomenon
of supercontinuum generation (SCG). This was important considering the
voluminous literature already available describing this broad area of research. We
conclude this chapter discussing various key issues yet to be addressed and our

contribution to this exciting field.

Chapter 4 is dedicated to the investigation of potassium di-hydrogen
phosphate (KDP) crystal as a novel and potential candidate for supercontinuum
generation. We demonstrate the relevance of the combined effect of second order
nonlinearity and intrinsic optical anisotropy of KDP in enhancing the overall

bandwidth of the SCG and controlling its overall spectral content.

Chapter 5 involves the study of depolarization properties of SCG that
sets in at high input intensities. We present a systematic study of depolarization
of supercontinuum across its spectral range as a function of the femtosecond laser
pump intensity for an anisotropic crystalline condensed medium, KDP crystal,

and compare our results with commonly used supercontinuum generation
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materials namely BK-7 glass (representing isotropic amorphous condensed

media) and BaF, (isotropic crystalline condensed media).

Chapter 6 we present experimental results on non collinear four-wave
mixing (FWM) at air-dielectric interfaces. We generated FWM signal from the
two interfaces of a Imm thick fused silica slide with air using two 800 nm, 100 fs
pump pulses in non-collinear pump-probe type geometry. We attribute the
signals observed at the surfaces to the enhanced surface nonlinearities arising
from the structural discontinuity and local fields caused by the field discontinuity
at the interface. We elaborate on this observation with systematic study of FWM

with fused silica slide.

Chapter 7 discusses our results on the nonlinear optical properties of tetra
tert-butyl phthalocyanines using the z-scan and degenerate four-wave mixing
technique. To the best of our knowledge, ours is the first report on the three
photon absorption behavior of phthalocyanines. We observed large off-resonant
second hyperpolarizability (y) for these molecules with ultrafast nonlinear optical
response in the femtosecond domain. Our studies on their figures of merit
indicate these molecules possess enormous potential for photonic switching

applications.

Chapter 8 summarizes the results obtained in this dissertation work.

Future implications and directions are discussed in brief.

1.6 Conclusions

e In this chapter we have discussed in brief some of the important issues
related to fs pulses and its relevance to this dissertation work

e Important fundamental characteristics like the Time-Bandwidth product
for fs pulses was discussed in detail.

e The field of nonlinear optics is reviewed with more attention given to the
second order- and third order nonlinearities and their affects on the
ultrashort pulses were discussed. Important NLO phenomenon like second

harmonic generation (SHG), parametric processes like sum frequency
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generation (SFG) etc, self focusing and self-phase modulation and
multiphoton absorption were introduced.

Starting from the generalized nonlinear Schrédinger equation (NLSE) the
fate of an ultrashort pulse propagating on an optically transparent media is
discussed in detail. Concepts of group velocity dispersion (GVD), selt-

steepening and space-time focusing is introduced and discussed.
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Abstract

This chapter deals with the important aspects of the different
experimental techniques presented in this thesis. The amplified fs laser system
used through out the thesis is introduced. The basic experimental set-up
describing second-order intensity autocorrelation for measuring the fs pulse-
width is explained in detail. Different experimental techniques namely,
Supercontinuum generation, four-wave mixing and Z-scan that form the basis of

the studies presented in this thesis are explained in detail.
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Experimental details
and techniques

2.1 Laser system used:

The laser system used in this dissertation is a commercially available
diode-pumped mode-locked Ti:Sapphire Laser purchased from Spectra Physics
Inc. The laser system consists of (i) oscillator unit producing high repetition rate,
nJ, fs pulses, Mai-Tai and (ii) regenerative amplifier producing amplified fs
pulse, Spitfire [1]. The pictorial overview of the fs laser facility present at the

laser lab of University of Hyderabad is as shown in figure 2.1.

Mai-Tai
3 : 810nm CW 26W
Diode lagers (2) I
22z 1064nm | CW
RF Syme
¥ l
il SDG Ti:Sapphire
Trig in
750- 850 nm 820MHz 1nJ 80fs
Evolution i
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52 "'11411‘ 1KHz

10w 120ns

Fig. 2.1: Overview of the fs laser facility

2.1.1 The fs oscillator [Mai-Tai™ System]

The Mai Tai comprises of two lasers: a cw diode-pumped laser and a
mode-locked Ti: Sapphire pulsed laser. As seen in figure 2.1, the laser head has
to chambers, a cx pump chamber and a pulsed output chamber. The cw pump
chamber contains a diode-pumped, intracavity, frequency doubled, solid-state
Nd: YVOq laser giving 532 nm laser output. The pulsed output chamber contains
a mode-locked Ti: Sapphire cavity. Because of Ti: Sapphire’s broad absorption
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band in the blue and green, the 532 nm output of the cw laser is an ideal pump
source for the Ti: Sapphire laser. The fluorescence band of Ti: Sapphire medium
extends from 600 nm to wavelength greater than 1000 nm making it possible for
wide broadband tunable laser. The mode locking is achieved by an acousto-optic
modulator (AOM) to ensure reliable mode-locked operation when the laser starts
up and provides smooth wavelength tunings. It also allows the laser to operate for
extended periods without dropouts or shut-downs associated with pure kerr-lens
mode locking. The fs pulse laser can be wavelength tuned using a prism sequence
and a slit. The prism sequence provides a region in the cavity where the
wavelengths are spatially spread, and the slit is placed in the dispersed beam. By
changing the position of the slit in the dispersed beam, the output wavelength is

tuned.

The pulse-width tunings characteristics of a Ti: Sapphire laser are
generally influenced by three factors: those inherent in the Ti: Sapphire material
itself, those from cavity parameters, and to a degree, from the wavelength
selection. While we cannot readily modify the Ti: Sapphire material to change
pulse width, we can modify the net group velocity dispersion (GVD) of the
cavity. The optical components in the laser cavity introduce positive GVD and
cause temporal pulse spreading. Further pulse spreading is caused by self-phase
modulation (SPM) in the Ti: Sapphire rod, which results from the interaction of
the short optical pulse with the nonlinear refractive index. In order to obtain
stable, short optical pulses, these effects must be compensated with negative
GVD. Because positive GVD in the cavity changes with wavelength, the amount
of compensating negative GVD must be varied with wavelength. In Mai Tai,
prism pairs are used to produce a net variable negative GVD in the cavity. This
compensation scheme is fully automated and results in an optimized pulse at any

chosen wavelength.

Mai Tai delivers a ~ 80 fs, 82 MHz pulse train with pulse energy of 1 nlJ.

The output spectrum with its peak at 800 nm is as shown in figure 2.2.
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Fig. 2.2: Mai Tai output spectrum

2.1.2 The fs amplifier [Spitfire]

As the output energy of the oscillator is of the order of nJ, we make use of
an amplifying unit, Spitfire, to amplify the energy without introducing much
temporal broadening. Spitfire is a regenerative amplifier (RGA) system that
employs the conventional chirped pulse amplification (CPA) technique. The
general principle of RGA is as follows: (a)Trap seed pulse in optical resonator,
(b) Multipass pulse through the active medium (in our case Ti: Sapphire rod)
until amplified to desired energy level, and (c¢) Switch pulse out. But with such
short high energy pulses there is always risk of laser induced damage of optics
used for the amplification and other effects like self-focusing. To overcome this
difficulty Spitfire employs Chirped Pulse Amplification (CPA) technique. The
general principle of CPA is as follows: (a) pass the fs seed pulses from the output
of the oscillator through a stretching mechanism that broadens the pulse to an
order to 10’ by introducing chirp using a grating (in most cases); (b) amplify the
temporally broadened pulse; and (c) recompress the amplified pulse to its original

pulse-width by pass it though a pulse compressor mechanism. The amplification
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is done by the RGA cavity described above. Figure 2.3 shows the figurative
explanation of the CPA technique used in Spitfire

Stretcher

,A x
A
N "
Compressor

Fig. 2.3: CPA technique basic principle

As shown in figure 2.1, the regenerative amplifier consisting of a Ti:
Sapphire rod is pumped by the output of Evolution which is a 125 ns, 1 kHz rep.
rate Nd: YLF laser delivering high power laser pulses of 532 nm. The

amplification of the seed pulse from Mai Tai is obtained as follows:

1. The seed pulse from Mai Tai having a pulse-width of ~82 fs is stretched
using a combination of grating and mirror to about 250 ps as shown in the
top half of the figure 2.1.

2. The temporally stretched pulse is then made to oscillate in the regenerative
cavity pumped by the laser pulses of Evolution laser head to attain
maximum desired energy amplification. The entry and the exit of the seed
pulse is achieved by the use of two high-voltage Pockel cells whose delay is
adjustable by a Signal Delay generator (SDG) as shown in figure 2.1.

3. The amplified seed pulse exited from the regenerative cavity is then
recompressed following the reverse mechanism of stretching procedure to

obtain amplified pulses of ~100 fs of a maximum of 1mJ average energy at
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a repetition rate of 1kHz.. The output of Spitfire is of 9 mm diameter with a

spectral bandwidth of 9.4 nm at the peak wavelength operation at 800 nm as

shown in figure 2.4.
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Fig. 2.4: Spitfire output spectrum

fs laser system used through out the present studies in this thesis.

Table- 2.1: Summary of laser output characteristics of fs laser system used.

Mai Tai Spitfire
Pulse-width ~82 fs ~100 fs
Max output energy 1 nJ 1 mJ
Rep. rate 80 MHz 1kHz
Beam diameter 3 mm 9 mm
Polarization Horizontal horizontal

2.2 Pulse-width measurement- The autocorrelation technique

An autocorrelator is the most common set-up used for measuring an
femtosecond (fs) or picosecond (ps) optical pulse [2]. By using the speed of light
to convert optical path lengths into temporal differences, we use the pulse to
measure itself. The basic optical configuration is similar to that of a Michelson
interferometer. An incoming pulse is split into two pulses of equal intensity and

an adjustable optical delay is imparted to one. The two beams are them
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recombined within a nonlinear crystal for second harmonic generation (SHG).
The efficiency of the SHG resulting from the interaction of the two beams is
proportional to the degree of pulse overlap within the crystal. Monitoring the
intensity of SHG as a function of delay between the two pulses produces the
autocorrelation function directly related to pulse width. Two types of
autocorrelation configurations are possible. The first type, known as
interferometric collinear autocorrelation as shown in figure 2.5(a), recombines
the two beams in a collinear fashion. This configuration results in a
autocorrelation signal on top of a constant dc background, since the SH generated
by each beam independently is added to the autocorrelation signal. Alternatively,
if the beams are displaced from a common optical axis and then recombined in a
noncollinear fashion as shown in figure 2.5(b) the background is eliminated
because the SHG from the individual beams is separated spatially from the
autocorrelation signal. This configuration is called “background-free” and is
employed in the pulse-diagnostics of the amplified fs pulses from Spitfire used
for all the experiments presented in this dissertation. In the subsequent section we

explain the details of the autocorrelation in the non-collinear geometry.

2.2.1 Experimental details:

While performing the retro-reflection in longer-pulse regime, retro-prisms
are usually employed but in the case of fs pulse regime, the retro-prisms are
replaced by a pair of mirrors as shown in figure 2.5(b). This is to come over
dispersion-effects created within the fs pulses owing to the propagation in the
prism-material medium that leads to temporal broadening of the pulses resulting
in wrong results. As shown in the figure the incoming beam is first split into two
arms and passed through the retro-reflecting arrangement such that the two
separated beams follow a parallel path before focusing into a Imm BBO crystal
used for SHG. The retro-reflector on the delay stage is moved with a resolution of
6 um that corresponds to a minimum temporal resolution of ~ 20 fs. From the
experimental configuration the autocorrelation signal (SHG) which is generated

as a resultant of temporal and spatial overlap of the two fundamental input beams
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is collected into a fast photodiode (FND100) after passing though a SHG filter to
cut-off the residual input pulses. Different neutral density filters are used for
attenuation to ensure that the photodiode does not get saturated. The photodiode
output is fed to a lock-in amplifier (SRS 830) and is finally recorded. The
averaged signal is then sent to an interfaced ADC card and then to a computer.
The autocorrelation trace is obtained by recording the SHG signal as a function of
delay obtained by translation of the stage on which the retro-reflector

arrangement is mounted.

- Photodetector Photodetector
SHG _, ¢ SHG filter
signal :
SHG Filter
SHG crystal
| | SHG crystal
<l Lens Lens
Mirror Beam splitter
Retro reflector 1
> < s, _
(/ Incoming beam Beam splitter
T 4 L 14 Incoming beam
‘ ’ ' Y 4
Delay V i Retro reflector
L Mirror
(a) collinear autocorrelation (b) Non-collinear autocorrelation

Fig. 2.5: Interferometer autocorrelation set-up

2.2.2 Signal interpretation:

In order to determine the actual pulse width from the obtained
experimental autocorrelation data, it is necessary to make an assumption about
the pulse shape. Table 2.2 shows the relationship between the FWHM of the
intensity envelope of the pulse (t,) and the FWHM of autocorrelation function
of the pulse (), for several pulse shapes. It also shows the time-bandwidth, for

transform-limited pulses as discussed in chapter 1.
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Table 2.2: Second-order autocorrelation functions and time-bandwidth products for

various pulse shape models

T
Function 1 (r) L T, Av
—(4In2)?
Gaussian 1(x) =eXp[(T2n)t] 0707 | 044
4
1.761
Hyperbolic Secant 1(T)=Sech2( o ) 0.648 | 0315
p
Lorentzian T phe= 12 = 0.5 0.221
1+ (43 /42)

The autocorrelation trace obtained for the amplified fs pulse generated from

Spitfire 1s as shown in figure 2.6. The error bars shown corresponds to an

experimental error of ~5% which is within the acceptable limits. Similarly we

considered a maximum error of ~5% in the x-axis where the source of error is

mainly in the movement of the translational stage.
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Fig. 2.6:
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Autocorrelation trace obtained for the Spitfire amplified fs

with Gaussian pulse shape
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By performing Gaussian fit to the experimental autocorrelation trace we

obtained the FWHM, t__, to be (148 + 7) fs. From Table-2.2 we have the relation

ac

for Guassian pulse:

Y2 _ 0707 =0.707 =(104+7)
—=0. = 1,=0707t, = 1,= +

Thus the pulse-width obtained from the second-order intensity correlation is

(104 = 7) fs. Since the FWHM of the spectral envelope of Spitfire as shown in the

previous section is A\ ~ 9.4 nm with its peak at A, = 800 nm.

C
T,A07= 1, = 0.458.

2
p 7\‘()

Thus we have nearly-transformed limited pulses assuming Gaussian pulse shape.

2.3 Calculating pulse broadening due to GVD:

Because the pulses produced by the Spitfire are ~ 100 fs, as it propagates
through optical materials, the pulse get temporally broadened due to the group-
velocity dispersion (GVD) discussed in the previous chapter. Thus while a
making intensity calculation which depends on the pulse-width it is important to
estimate the pulse broadening due to the GVD as it propagates though various
optical components before actually reaching the sample. Below is some simple
formulae for calculating the effects of GVD and compensation. B (broadening) is
defined as the ratio defined as the ratio of the output pulse-width to the input

pulse-width (in terms of fs) i.e.,

T
_ t -
B = "ou T =1, = Bx1,

in

271 2
For a transform-limited guassian pulse: B = {1+{7.68(k2 X % 2) :l} , Where

k, (in terms of fs?/cm) is the second order dispersion coefficient. Table 2.3 gives

the values of £, for different standard materials at 800 nm.
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Table 2.3: Dispersion values of different materials at 800 nm

Material k, (fs*/cm)
Fused silica 300
BK-7 glass 450
Ti: Sapphire 580
KDP crystal 25 (o —ray); 38 (e —ray)
SF-10 1590

2.4 Details of the Experiments presented in the dissertation:

2.4.1 Supercontinuum generation:

In a typical SCG experiment [3], the beam is focused into the transparent
media under consideration and the generated continuum is detected using a fiber
coupled CCD spectrometer (Ocean Optics - SD2000). As shown in figure 2.7, the
output of the amplified laser pulses is first passed through a variable aperture to
control the input beam diameter. Various neutral density filters are made use to
attenuate the input power. It should be noted here that the control over the input
power of the incident laser beam is important as from the definition of the critical
power of self-focusing (P.;) depends only on the input peak power and not on the
overall input peak intensity. Upon focusing the incident laser beam of suitable
input power into the transparent media supercontinuum is generated as a conical
emission. With increase in input power the emission becomes brighter until the
media experiences laser induced damage. The laser beam depicted as red line
focusing into the media and the supercontinuum output is depicted as yellowish-
white conical emission to depict broadband output. The use of a large aperture

lens is dual-purpose: (a) to collect all the conical emission and (b) either
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collimate the output for further study of SCG properties or focus it onto a screen

to record the spectrum with a spectrometer.

Maitai | Sofs, 82MHz rep. rate,1nJ
(oscillator)

Spectrometer

fiber
¥

Focusing Lens Large aperture lens

Spitfire
(amplifier)
100fs, 1KHz rep. rate,imJ

Variabl
i Transparent media IR ﬂ)l‘ter

—_@f e

Screen

ND filters

Supercontinuum output

Fig. 2.7. Experimental schematic for supercontinuum generation in transparent bulk media

The spectra of continuum are recorded using a fiber coupled spectrometer
(Ocean Optics USB2000) after collimation and suppressing fundamental by an IR
filter thus limiting our study of SC to the visible region (400 — 780 nm). To avoid
saturation of the detector used in the spectrometer the continuum was focused
onto a white board and the scattered light was collected by placing the fiber tip
very close to the board. The choice of the screen is crucial as the material of the
screen used (for example, white paper) can absorb a part of broadband SCG
emission and produce its own fluorescence emission that gets eventually added to
the actual SCG spectrum while recording the spectrum with the spectrometer.
The detector used in the spectrometer was a silicon charge coupled device that
has a range from 350-800 nm with maximum sensitivity at 500 nm. Beyond 750
nm there is a monotonic decrease in the detector sensitivity. The fiber used for
collection has excellent transmission for the range 300-900 nm. Neutral density
filters with known absorbance spectra in the region was used to collect the
continuum spectra obtained at high intensities. Taking into account the

absorbance spectra of the filters used, the resultant spectra thus obtained was
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corrected. The integrated intensity measurements of the SC are measured by
focusing onto a photodetector (FND100). The laser power that was incident on
the material under study was measured using a power meter (OPHIR) with a
nearly flat and wide spectral response. The same power meter was also used to
measure the power of the entire white light continuum after attenuation of the

fundamental through an IR filter.

2.4.3 Degenerate Four Wave Mixing (DFWM)

A Four Wave Mixing experiment [4] can be considered as an interaction
of three optical fields in a medium leading to the generation of fourth field, via
third order polarization. The presence of a third-order optical nonlinear
susceptibility ¥ leads to the creation of various components of material
polarization, giving rise to new optical fields. If the phase-matching condition is
fulfilled (i.e. the phase relation between the waves emitted by different parts of
the nonlinear medium leads to constructive build up of the resulting wave), new
beams of light are created. If the fields are of identical frequencies, the process is
called Degenerate Four Wave Mixing and the output beam will have the same
frequency. The time resolution of the FWM measurements depends on two
parameters. The first is related to the time duration of the laser pulses and the
second is related to the coherence time of the laser pulses. DFWM provides
information about the magnitude and response of the third-order nonlinearity. In
this process, three coherent beams incident on a nonlinear medium generate a
fourth beam due to the third order nonlinearity. The strength of this fourth beam
is dependent on a coupling constant that is proportional to effective ¥ and hence
measurements on observed signal will yield information about the % tensor
components of the medium. DFWM can be employed in backward (or generally
called the Phase Conjugate), forward or boxcar configurations, with the choice on
the experimental conditions and the requirements. Using different polarizations
of the three beams it is possible to measure all the independent ¥ tensor

components of a material. Though the backward geometry is the most popular
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for DFMW measurements, in the case of femtosecond pulses the box-car

geometry is preferred.

Box-car geometry:

The basic principle of the method is as follows: Two synchronized pulses
(called the &; and k; pulse) propagating in two slightly different directions (k;, k>)
interfere in the sample to form a grating by spatially modulating its optical
properties. Depending on the experimental conditions, the absorption (amplitude
grating), or the refractive index (phase grating) can be modulated. After the laser
pulse interaction, the amplitude of the modulation decreases: the dynamics of the
modulation (i.e. the grating) will depend on the population lifetime (for amplitude
grating) and/or the dynamics of the changes in the refractive index (for phase
grating). A third beam, k3, propagating in direction k3, is sent into the sample and
is diffracted by the grating in directions ky, which satisfies the conservation of

momentum: ks = kz-k,+k;.

The experimental schematic of the DFWM set-up used in our studies is as
shown in the figure 2.8. Since all the pumps are in same plane, the three beam
form three corners of the square and the signal is seen at the fourth corner of the
square. The delays of beams 2 and 3 could be varied using the stepper motor.
Observing and optimizing the diffracted signals, in both horizontal and vertical
directions, ensured the zero delay of different beams. The signal(s) obtained are
spatially filtered before being fed to the fast PD to lock-in amplifier and to ADC
which finally gets recorded in the computer. In the set-up a lens of focal length
400mm (@=50mm) is used to focus the three beams into the sample. For the

relative measurements of ;((3)

of the samples under study we used pure CCly
solvent in case of samples in solution and an optically polished fused silica slide
for solid samples. Other details related to the specific experiments carried out in

the thesis work are explained in the subsequent chapters appropriately.
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Fig. 2.8. Experimental schematic for femtosecond Degenerate Four wave mixing set-up in box-
car configuration. The inset shows the wave-vector representation of the geometry of
the DFWM experiment. Beams 1-3 are coincident on the sample. The resultant fourth
beam is the DFWM signal that occurs because of the interaction k4 = K3-k,tk;. The
lower panel of the figure shows formation of the fourth beam at the vacant corner of
the box formed by the interacting three waves.

The time-resolved DFWM profiles were obtained by delaying beam 3
with respect to the other two beams with a time resolution of ~33 fs. Since we
used 100 fs input pulses we used CCly solvent taken in a 1 mm quvette as a
standard sample for relative studies. CCly is known to show only the electronic
response (~few fs) and thus the time-resolved signal obtained can be treated as an

autocorrelation trace of the input fundamental pulses. Autocorrelation trace for
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CCly is shown in figure 2.9. Open circles are the experimental data and the solid
line is the fit assuming the Gaussian profile of the pulse and has the FWHM ~
145 fs similar to the FWHM of the autocorrelation trace obtained earlier with

second order intensity correlation.
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Fig. 2.9: Autocorrelation trace of CCly

Non-collinear two beam geometry:

The schematic of a non-collinear two beam four-wave mixing (FWM) is
as shown in figure 2.10. As shown in the figure the fundamental beam is split into
two beams of almost equal intensity and they are brought back to form parallel
beams before focusing into the sample. The FWM geometry is such that if the
pump beams are represented by the wave vectors ky and k;, the generated phase
matched FWM signals are at 2k;+ k; and k;+ 2k, respectively, and appear well
separated from the fundamentals k; and k,.. As denoted in the figure the FWM
signals do not have the same frequency as that of the fundamental and hence this
geometry is called non-degenerate four-wave mixing. A more detailed analysis

and the utility of this geometry is presented in the studies presented in chapter-6.
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M;

Fig.2.10: Schematic of a femtosecond non-collinear two beam four wave mixing set-up
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2.4.4 Z-scan

The Z-scan technique is a single beam technique, which allows the
determination of the real and imaginary parts of the third order susceptibility [5].
This technique is a simple, sensitive, single beam method that uses the principle
of spatial beam distortion to measure both the sign and the magnitude of
refractive nonlinearities of optical materials. The experiment uses a Gaussian
beam from a laser in tight focus geometry to measure the transmittance of a
nonlinear medium through a finite aperture in the far field as a function of the
sample position Z, from the focal plane. In addition to this, the sample
transmittance without an aperture is also measured to extract complementary

information about the absorptive nonlinearities of the sample.

Closed-aperture Z-scan for sign and refractive nonlinearity

Consider, for instance, a material with a negative nonlinear refraction and
of thickness smaller than the diffraction length (mw*/A) of the focused beam
being positioned at various positions along the Z-axis as shown in figure 2.11(a).
This situation can be regarded as treating the sample as a thin lens of variable
focal length due to the change in the refractive index at each position (n = ng +
nyl). When the sample is far from the focus and closer to the lens, the irradiance
is low and the transmittance characteristics are linear. Hence the transmittance
through the aperture is fairly constant in this region. As the sample is moved
closer to the focus, the irradiance increases inducing a negative lensing effect. A
negative lens before the focus tends to collimate the beam. This causes the beam
narrowing leading to an increase in the measured transmittance at the aperture. A
negative lens after the focus tends to diverge the beam resulting in the decrease of
transmittance. As the sample is moved far away from the focus, the transmittance
becomes linear in Z as the irradiance becomes low again. Thus the curve for Z
versus transmittance has a peak followed by a valley for a negative refractive
nonlinearity. The curve for a positive refractive nonlinearity will give rise to the

opposite effect, i.e. a valley followed by a peak.
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Open-aperture Z-scan for absorptive nonlinearity

In the above discussion a purely refractive nonlinearity was considered
assuming that absorptive nonlinearities are absent. The presence of multi-photon
(two or more) absorption suppresses the peak and enhances the valley, while
saturation of absorption produces the opposite effect. The sensitivity of the
experiment to refractive nonlinearities is entirely due to the aperture. The
removal of the aperture will make the Z-scan sensitive to absorptive
nonlinearities alone. Thus by doing the Z-scan with and without aperture both
the refractive and absorptive nonlinearities of the sample can be studied. The
schematic of an open aperture Z-scan is as shown in figure 2.11(b). Spatially
filtered input beam is focused using a lens. In the case of fs pulse excitation we
used an achromatic doublet of focal length 120 mm. Usage of achromatic doublet
for focusing the fs pulses is essential to overcome the chromatic aberration at the
focus owing to the large bandwidth of the input spectrum when compared to ns or
ps pulses. The sample is scanned across the focus using a stepper motor
controlled by PC. The transmitted light is then collected using another lens (large
area) of f ~ 100 mm and fast photodiode (FND100). Different neutral density
filters are used for attenuation to ensure that the photodiode does not get
saturated. The photodiode output is fed to a lock-in amplifier or a boxcar
averager/gated integrator and is finally recorded. The averaged signal is then sent

to an interfaced ADC card and then to a computer.
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Abstract

In this chapter, the phenomenon of supercontinuum generation (SCG) is
introduced. SCG in different transparent media at high input intensity is shown.
Various mechanisms leading to SCG is discussed from a theoretical perspective
by discussing 1-D and 3-D wave equations approach available in literature. SCG
is established to be a result of the interplay of a number of dynamical processes,
such as self-focusing, group velocity dispersion, intensity clamping, self-
steepening, anti- Stokes spectral broadening, filament fusion, filament break-up
and competition between multiple filaments. Various issues related to SCG are

pointed and with special emphasis on the problems addressed in this dissertation.
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Supercontinuum generation in
transparent media

3.1. Introduction and literature review:

The propagation of short pulses of intense laser light through an optical
medium can lead to considerable temporal and spatial broadening that becomes
mapped, in the frequency domain, into spectral broadening [1].When the incident
laser pulse is ultrashort, of femtosecond duration, the spectral broadening
manifests itself in light that emerges out of the medium as a white disk
surrounded by a distinct, concentric, rainbow-like pattern that is referred to as the
conical emission; the central, low-divergence part of the output beam is referred
to as the “white-light continuum” or “supercontinuum”. This self-transformation
of the pulse-shape and spectral broadening are the result of strong nonlinear-
optical interaction of the light field with the medium, which takes place in the
conditions of high localization of the radiation both in space and time. In bulk
media the localization of the light field is achieved due to geometrical focusing,
self-focusing, or temporal compression of the radiation. Thus, when a high-
intensity ultrashort pulse is focused into a transparent medium, a white-light

continuum ranging from ultraviolet to infrared is generated.

In the first observation of SC generation, Alfano and Shapiro [2] reported
the generation of a white light spectrum covering the entire visible range from
400 to 700 nm after propagating 5 mJ picosecond pulses at 530 nm in bulk BK7
glass. Shortly afterward, similar results were reported independently by
Bondarenko et al. [3]. It is important to note that the nonlinear spectral
broadening of laser light was not completely new at the time, having been
observed earlier by Stoicheff [4]. Indeed, Jones and Stoicheff [5] had even
applied a relatively narrow “continuum” of light in what was the first inverse
Raman spectroscopy measurement. Spectral broadening had also been reported in

CS; [6] and correctly interpreted in terms of the nonlinear process of self-phase
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modulation (SPM) [7]. What made the experiment of Alfano and Shapiro [2] so
exciting was the sheer extent of the spectral width of the generated light, more
than 10 times wider than anything previously reported. Interestingly, the authors
do not particularly emphasize this aspect in their publication. Their work is
actually dedicated to the first identification of nonresonant four-photon coupling,
i.e., four-wave mixing. The term “supercontinuum” was introduced later by
Manassah et al., [8, 9]. In the meantime, the phenomenon of SC generation was
referred to as superbroadening [3, 10], anomalous frequency broadening [10, 11]

or white-light continuum [12].

Various nonlinear processes were established to be responsible for
continuum generation. Most important ones are self-, induced- and cross-phase
modulation and four-photon parametric generation. Whenever an intense laser
pulse propagates through a medium, it changes the refractive index, which in turn
changes the phase, amplitude, and frequency of the incident laser pulse. A phase
change can cause a frequency sweep within the pulse envelope. This process has
been called self-phase modulation (SPM) [2]. Nondegenerate four-photon
parametric generation (FPPG) usually occurs simultaneously with the SPM
process [2]. Photons at the laser frequency parametrically generate photons to be
emitted at Stokes and anti-Stokes frequencies in an angular pattern due to the
required phase-matching condition. When a coherent vibrational mode is excited
by a laser, stimulated Raman scattering (SRS) occurs. SRS is an important
process that competes and couples with SPM. The interference between SRS and
XPM causes a change in the emission spectrum resulting in stimulated Raman
scattering cross-phase modulation (SPR-XPM) [14]. Spectral broadening of
ultrashort-pulse propagation in a nonlinear medium was calculated more exactly
by solving three coupled nonlinear wave equation by Yang et. al/ [15] that
included the effects of four-wave mixing and pulse deformation on phase
modulation. The results yielded asymmetric Stokes-anti-stokes broadening in the
fair agreement with the experimental observation. A process similar to SRS-XPM
occurs when an intense laser pulse propagates though a medium possessing a

3

large second-order y® and third-order y* susceptibility. Both second harmonic
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generation (SHG) and SPM alters the emission spectrum and is called second
harmonic generation cross-phase modulation (SHG-XPM) [16]. A process
closely related to XPM, called induced phase modulation (IPM) [17], occurs
when a weak pulse at a different frequency propagates though a disrupted
medium whose index of refraction is changed by an intense laser pulse. The
phase of the weak optical field can be modulated by the time variation of the
index of refraction originating from the primary intense pulse. Apart from this the
ionization-enhanced SPM also contributes to the overall spectral bandwidth [18,
19]. However, the primary process responsible for these changes is self-focusing,
which plays the role of the initiator of the sequence of processes that lead to

white light generation.

3.1.1. The critical power for self-focusing (P.,):

Experiments have shown that the power threshold for continuum
generation coincides with the calculated critical power for self-focusing, in line,
with the proposal made by Bloembergen [12] to explain white light generation
obtained using picosecond pulses. The critical power for self-focusing given by

[20]:
P,=3.77\ /8nn,n, (3.1)

When the laser power incident on a medium exceeds P a catastrophic
collapse of laser energy occurs at a finite distance. The linear and nonlinear
refractive indices of the medium are denoted by n, and n; respectively, and 2, is
the wavelength of the laser in vacuum. In this model, self-focusing is topped by
avalanche ionization; the appearance of free electrons that enhances SPM and
gives rise to the continuum. For femtosecond continuum generation, a similar
mechanism can be envisaged in condensed media. In this case the important
mechanism for free-electron generation (in other words plasma generation) is

multiphoton ionization (MPI) [21, 22].

Self-focusing overcomes diffraction and leads to collapse only if the input

peak power Pj, exceeds a critical threshold [20]. While, the nonlinear refractive
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index (n,) acts against diffraction and tends to focus the beam on itself the

multiphoton absorption limits the intensity. The ensuing ionization of the
atmosphere reduces the local refraction index of the medium and leads to beam
defocusing. For a given medium, the focusing and defocusing of the beam
counter-balance each other when the input intensity Pj,~10 P, which results in
the formation of the well known phenomenon termed as filamentation. At pulse
powers well above the threshold the beam is observed to fragment and form
multiple self-focused whitelight filaments. These filaments form as a result of
aberrations on the beam's spatial profile therefore the spatial distribution is
inherently random; the temporal distribution however exhibits a cone-shaped
distribution for a Gaussian input beam. This cone-shaped pattern is due to the
center of the pulse having a higher local intensity than the periphery and since
self-focusing is an intensity dependent effect this means that the filaments

originating from the center of the beam will form at shorter distances.

3.2 SCG in different media
3.2.1. SCG spectra in different media

The SCG spectra of different media were recorded by following
procedure explained in the previous chapter. Table 3.1 shows the SCG spectrum
and the corresponding snapshot of the SCG for both condensed solids and liquid
media showing the universal nature of SC formation in transparent media. All the
SCG studies showed in this section were done at an input peak power of 2.1 GW
(Payerage = 210 mW) that corresponds to 800 P, for BK-7 glass. The peak intensity
incident on the front face of the sample is ~5.2x10'> W/cm®. In the next section

we show the input power dependence of SCG in the case of BK-7 glass.
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Table: 3.1 SCG spectra in different media
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Chapter 3

3.2.2. Dependence of SCG spectra with input peak power (eg. BK-7 glass)
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3.2.3. Basic observations on SCG in transparent media

1.

All the samples considered in the section 3.2.1 exhibited good SCG at
high input power.

Though pumped with high input peak power the SCG spectra for all the

media considered showed no spectral content below 420 nm.

Section 3.2.2 shows the intensity power dependence of SCG in a popular
SCG media namely, BK-7 glass. The data shows that with increase n
input power the SCG spectrum gets broadened.

SCG starts from P, =10P,,

. At lower input powers there is a interference-sort of pattern observed

across the SCG spectra snap-shot in the third column. We this attribute to
the interference between the filaments generated as described in the

earlier section [23].

With increase in input power the central part of the generated SCG

became whiter.

We observed a conical emission of SCG. The blue-shifted components of
the frequency spectrum are formed at the off-axis position in the

transverse distribution of the radiation.

In the next section, we discuss briefly the theoretical basis of the observed

phenomenon available in the literature.

3.3 Mechanisms leading to SCG in bulk media

3.3.1. Spectral broadening due to SPM (1-D wave equation model [1]):

In its early days of investigations [1,2] the theoretical basis of spectral

broadening was widely understood to be due to the phenomenon of self-phase

modulation (SPM). In this section we briefly elaborate on this phenomenon by

examining the nonlinear wave equation to describe the self-phase modulation

mechanism. We start from the simplified NLSE (Eq. 1.23) described as below:
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ALY _| 1 2 o B4 00,00 DA |4 (3.2)
Oz 2kO n,c
where D = ilk (z —] are dispersion terms.
= n

We define the nonlinear refractive index (7, ) related to the third order nonlinear

optical susceptibility 3 as

127°
n, =——x%. (3.3)
ngc
Replacing the ¥ with n, in (2.2) we have
7 i i ~ ~|12 |~
ATV r 0 Ry @ ()4 |4 (3.4)
o2 |2k 2k, 2

The above differential equation can be solved analytically by neglecting the

radial dependent and higher order GVD terms (n > 2) for examining the SPM

1
effect and spectral broadening and defining group velocity as, V, = Wto
0
obtain the electric field envelope solution of given by
ON/
A(z,7) = a(t)exp| i—2a F*(1)z | (3.5)
2c
LEADING g2 dtin)
EDGE f o - -
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Fig.3.1: A simple mechanism for SPM for a non-linear index following the envelope
of a symmetrical laser pulse: (a) time-dependent nonlinear index change; (b)
time rate of change of index change; (c) time distribution of SPM-shifted

frequencies oa(t) — o, (figure adapted from [1])
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The main physics behind the supercontinuum generation by SPM is
contained in Eq. (3.5) and is presented in figure 3.1. As shown in figure 3.1a, the
index change becomes time dependent and, therefore, the phase of a pulse
propagating in a distorted medium becomes time dependent, resulting in SPM.
The electric field is continuously shifting in time (figure 3.1c). From the slowly
varying envelope approximation consideration, the pulse duration is much larger

than the optical period2m/®, , the electric field at each position t within the
pulse has a specific local and instantaneous frequency at given time given by

oa ® oF*(t
(0(17)2 W, +8(0(T), where 50)(1): _E: _2_2,126132 ar( ) (3.6)

Sm(r) is the frequency shift generated at a particular time location t

within the pulse shape. This frequency shift is proportional to the derivative of
the pulse envelope, which corresponds to the generation of new frequencies
resulting in wider spectra. Figure 3.1 shows the frequency distribution within the
pulse shape. The leading edge, the pulse peak, and the trialing edge are red-
shifted, non-shifted and blue-shifted, respectively. In most cases, the phase

of A(z, r) is large compare with t, and the stationary phase method leads to

_6F2
ot .

2
Aw(z) =%, a{aF

max 270
2c ot |
1

]z (3.7)

where Aw(z) is the maximum frequency spread, t, and rt,are the pulse

envelope inflections points. An estimate of the modulation frequency

Aw(z) was made by Alfano et al. [24] for guassian pulses of 5 ps pulse

max

2
. . o . J w.n,a,z
duration and obtained an analytical estimation of A, = —>-"-.
ct
0

The maximum frequency shift indicates the following salient features:

e The frequency extent is inversely proportional to the pumping pulse

duration. The shorter the incoming pulse, the greater the frequency extent.
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e The spectral broadening is proportional ton,. The SCG can be enhanced by

increasing the nonlinear refractive index.

e The spectral broadening is linearly proportional to amplitude a; . Therefore,

multiple-excitation laser beams of different wavelengths may be used to

increase SCG. This leads to the basic principle of IPM and XPM.

3.3.2. Limitations of 1-D wave equation model:

3.3.2.1 General assumptions considered for the 1-D modeling:

Despite the logical explanation for creation of new frequencies in SCG
there are a few other important issues that the SPM theory failed to explain. In
particular, the observed experimental SCG spectra were asymmetric and the SPM
predicts symmetric broadening. Also the 1-D modeling assumes, (a) linearly
polarized electric field, (b) homogeneous radial fields, (c) slowly varying

envelope, (d) isotropic and nonmagnetic medium, (e) negative Raman Effect, (f)
frequency-independent x and (g) neglect of GVD, absorption, self-steepening,

and self-frequency shift. In most of the practical cases encountered in
experimental conditions the above assumptions fail and this forms a serious
limitation to the theoretical modeling. To take this modeling a step further Yang
et al. [15] calculated more exactly by solving three 1-D nonlinear wave equation
that included the effects of four-wave mixing, self-steepening and pulse
deformation on phase modulation into the modeling and could explain the
asymmetric  Stokes-anti-Stokes broadening in fair agreement with the
experimental observation. Moreover, GVD always exists in any medium and the
effects of GVD should also be considered in the modeling. Apart from all these
factors, the properties of the media generating SCG was never considered which
also plays an important role in the generation of SC. In the next section we

discuss some important issues that deal with the material dependence of SCG.
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3.3.2.2 Material dependence of SCG:

From the investigations of SCG and self-focusing in transparent
condensed media by Broduer et. al., [25], an intimate connection was established

between the two phenomena, as their threshold powers coincide P, (defined as

the peak power at the entrance of the medium) corresponds to the critical power

for self-focusing P, . The investigation revealed four features of the continuum:

i.  Continuum generation depends on the band gap E,,, of the material. The
most striking observation was that continuum generation required Eg,p,
larger than the threshold value Ey, gap of 4.7 eV,

ii.  continuum width increased with increasing bandgap (i.e., decreasing Kerr

nonlinearity)

iii.  the anti-Stokes wing of the SCG is much larger than Stokes wing

) E_v,ap Ay din Frnax Eos Py,
Medium V) (em™ ) (um) (T/em?®) (%) (WMW)

LiF 11.8 19800 108 1.3 13 B8
CaFa 102 18300 104 1.0 11 7.
Water 7.5 14600 9.8 0.62 4 4.4
DO 7.5 14600 106 046 4 3.0
Fused silica 7.5 133500 104 0.57 3 43
Propanol 6.2 14200 9.1 0.57 3 33
Miethanol 6.2 14300 102 0.54 4 39
NaCl 6.2 9000 9.9 029 3 20
1. 4-Dioxane 6.0 10200 93 0.44 3 2.7
Chloreform 52 11200 100 0.29 1 22
CCly 4.8 10400 8.7 0.44 2 2.5
C:HCl 4.7 950 146 0.08 = 1.2
Benzene 45 GO0 140 0.07 | 0.90
CSa 33 400 156 0.01 | 0.23
SF-11 Glass 33 M0 156 0.03 3 0.52

TABLE I. Anti-Stokes broadening Aw+ and self-focal characteristics measured at P - 1.1Py;:
minimum beam diameter d.,;, (FWHM) (£0.5 mm), maximum fluence F., (£10%), and
energy loss Eloss (£1%). Py, is accurate within £20%. E,,, is obtained from the medium’s
absorption spectrum, which generally exhibits a sharp absorption edge in the UV
corresponding to E,,. (adapted from the results of [25])

SPM theory, which is generally thought to explain the continuum, is not
consistent with these features. Thus, a mechanism was proposed that involves

free-electron generation in the self-focus by multiphoton excitation; the free
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electrons would be responsible for enhancing anti- Stokes broadening and for
limiting the beam collapse that is due to self-focusing. The low beam divergence
of the continuum was explained in terms of a Kerr-lens effect in the beam
periphery. It was shown that this low divergence does not imply the absence of
strong self-focusing in continuum generation. Based on simulations of
femtosecond pulse propagation in water the numerical results of Kolesik et
al.,[26] showed that linear chromatic dispersion also played a major role in

imposing a limit to supercontinuum broadening.

3.3.3. Generalized theoretical formalism for SCG:

Most of the theoretical formalisms to explain SCG before year 2000 were
based on the 1-D wave equation modeling with the inclusion of many NLO
processes like SPM, self-steepening terms, GVD terms etc. in the wave equation
to describe the combined interplay of all the effects. However, a consistent
theoretical explanation emerged based on the simulations of full three-
dimensional simulations of light propagation by A. L. Gaeta [27] as shown below

(from the derivation of Appendix-I [28])

o -1 2 N 2
1+ 290 w2, 2 ok B A, - —4”2"0 Il ERE
a)o 82’ 82' C a)() at

In the simulations the input pulse was considered to be Gaussian in space and
time A(7,z = 0,1) = 4, exp[—r2/2co§ —t2/2ri]. Using the definitions of
diffraction length (L, ), dispersion length (L, ), and nonlinear length (L, ) as

described earlier in chapter-1, we can rewrite Eq. (3.13) into a more meaningful

relation in terms of the normalized amplitude u(r, z, t) = A(r,z,t)/ A4, ,as

-1
ou i i 0 Ly ' [ i 0
— = —(1 +——J Viu _ZL&F_H(I +—5jpnl (3.14)
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In the expression for the nonlinear polarization ( p,, ) the effects of the nonlinear

refractive index change, multiphoton absorption, and formation of an electron

plasma density (p,) were included such that

L. L. ; L. e
D, = dif |u|2u_ﬂ 1_# pu+lﬂ|u A l)u (315)
L, L T

c

pl mp

where 1, is the electron collision time, L, =1/p"™ 1" is the m— photon

absorption length, S is the m—photon absorption coefficient,

L, =2p,/owt,is the plasma length, o is the cross section for inverse
bremsstrahlung, and p = p,/p, is the electron density normalized to the total
density p, = B"I;'t, /nhw of electrons that would be produced by the input

pulse through multiphoton absorption. The following were the important

conclusions from the calculations of Gaeta:

i. It provides a theoretical model that allows us to investigate the dynamics
of self-focusing of femtosecond laser pulses both near and above the point
at which the pulse effectively undergoes catastrophic collapse.

1. It 1s shown that, as the pulse approaches the collapse point, a steep edge is
formed at the back of the pulse (i.e., an optical “shock wave”) and is
accompanied by a large phase jump. The resulting pulse spectrum exhibits
a broad blue-shifted pedestal with a sharp cutoff.

1ii.  The results show that shock formation due to space-time focusing and
self-steepening dictates the collapse dynamics and that the role of
multiphoton absorption and plasma formation is simply to halt the
collapse at the powers significantly above the threshold for collapse.

iv.  Also the temporal and spectral behavior that produces SCG occurs over a
wide range of parameters as long as the input focusing conditions of the
beam are such that shock formation can occur before MPA and plasma
formation dominates the interaction.

V. In addition, if the initial focusing conditions are such that the beam is

tightly focused into the material such that the linear focusing is
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responsible for creating sufficiently high intensities to create a plasma

then SCG is also not observed.

After similar numerical (with addition of more NLO effects) and
experimental results by other research groups [29] it is now understood that SCG
in bulk material is due to the formation of an optical shock at the back of the
pump pulses due to space-time focusing and self-steepening, confirming the early
ideas of Werncke et al. [11]. The role of multiphoton absorption and plasma
formation is simply to arrest the collapse of the beam and to prevent the optical
breakdown of the material. Self-trapped filaments may or may not form in the
process depending on the pulse duration and on the relative strength of chromatic
dispersion, self-focusing, and plasma defocusing. This scenario is in agreement
with all known observations, including the dependence of SC generation on the
band gap of the material [25]. In material with a small band gap, self-focusing is

stopped at lower intensities by free-electron defocusing, preventing the formation

of a shock.

3.3.4. Role of multiphoton ionization (MPI):

The high laser intensities that are the necessary starting point for
supercontinuum generation are initiated by self-focusing collapse of the incident
optical pulse within the medium. Such collapse has to be accompanied by a
mechanism like multiphoton ionization (MPI) that arrests an intensity catastrophe
within the medium. MPI accounts for two arresting mechanisms: (i) a direct
energy loss is provided for the collapsing field, and (ii) plasma formation occurs
within the medium; the plasma serves to defocus and absorb the increasing
intensity. Plasma formation acts as a balance against the self-focusing effect: it
limits the beam diameter at the self-focus region and, hence, limits the peak
intensity that can be attained within the medium. In air, this “intensity clamping”
[30] occurs along a filament at a peak intensity of about 510" W/em? [31]. In
general terms, MPI effects, along with plasma defocusing, clamp the maximum
value of intensity,/ _ that may be reached by a collapsing pulse. If p denotes

n
max ?

the plasma density, it is clear that 0, pwill be proportional to/ where n
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denotes the order of the multiphoton process; the value of I, limits the

maximum rate of plasma generation. Prevailing wisdom maintains that the major
contribution to the blue side of the supercontinuum is made by plasma-induced
effects [25, 32], with the maximum blue-side frequency being directly

proportional tod,p . Thus, it is the arrest of the maximum self-focusing intensity

by MPI and plasma defocusing effects that largely governs the spectral extent of

the supercontinuum that is generated.

)]
o
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Fig. 3. (a) Self-focusing of a beam by optical Kerr effect. The refractive index of the
medium depends on the intensity of the laser and acts as a lens by making convergent an
initially collimated beam. Self-focusing prevails over diffraction when the power of the
beam exceeds a critical power P, (P, = 3.2GW for air at the wavelength of 800 nm) and
leads, in the absence of other nonlinear effects, to the collapse of the beam on itself. (b)
Defocusing of the beam by the presence of a plasma. The ionization of the medium
initially takes place in the center of the beam, where the intensity is most significant. The
creation of under-dense plasma decreases the local index of the medium, which causes

beam defocusing. (Figure adapted from [33])

3.3.5 Role of spatio-temporal effects (conical emission of SCG):

In the conditions of tight focusing of fs laser pulses into the medium,
where ;((3) is comparatively low (e.g. in the noble gases), the major contribution
to the spectral transformation comes from the free electrons. This phenomenon
was studied experimentally in ref [34] and numerically in references [35, 36]. The
extension of the blue wing formed after the tight focusing of a 100-fs pulse with
the central wavelength of 620 nm into the noble gases varied from = 15 nm in 1-
atm argon, krypton, and xenon to = 50 nm when these gases were at 5-atm

pressure. Spectral blue shifting was accompanied by the spatial defocusing of
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laser beam and the formation of rings in the trailing part of the pulse [37]. It was
found as the result of numerical simulations [36, 38] and registered
experimentally [39] that the blue-shifted components of the frequency spectrum
are formed at the off-axis position in the transverse distribution of the radiation.
A larger frequency shift is generated at positions farther from the propagation
axis. Thus, the spectrum of the pulse is transformed not only in the frequency
domain but also in the domain of the spatial wave numbers. Numerical
simulations of pulse propagation in the conditions of self-focusing and normal
group-velocity dispersion [40] also propose that the short-pulse supercontinuum
conical emission is the result of four-wave mixing in the medium. According to
results of several groups [41] the conical emission is the result of spatio-temporal
self-phase modulation of a femtosecond pulse propagating in the conditions of
self-focusing and plasma production. The temporal phase gradientdg/dz , which
defines the frequency deviation dw(7), is proportional to the time derivative of
the electron density: dw(r) = 0¢/0t =~ ON,(r)/07 . At the same time, the spatial
phase gradient, d¢/dr, which defines the transverse component of the wave
vector Ok, 1is proportional to the radial derivative of the electron density:

8k, = o¢/or ~ |8Ne (r)/ 8r|. In the course of nonlinear interaction high spatio-

temporal gradients of free-electron density arise simultaneously in space and
time. As a result, high-frequency spectral components propagate at a larger angle

to the propagation direction.

3.3.6 Concluding remarks on SCG in bulk transparent media

= In bulk material, SCG is a highly complex process involving an intricate

coupling between spatial and temporal effects.

= The interplay between various NLO processes inside the transparent bulk
media gets seemingly random with competition between the various

Processces.

» The material-bandgap dependence apart from the chromatic dispersion

limits the spectral extent in the blue pedestal of the SCG. In case of
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800nm amplified input pulses the spectra extent in the high frequency

region has a cut off ~420 nm for most of the media (see Table-3.1)

= At high input peak powers the interplay results in uncontrollable spectral
broadening.

= Opverall, the media acts like a black box where the final spectral
transformations are mainly due to the various self-action effects of the
input fundamental pulse itself and thus the media itself does not offer any

control over the spectral modification of the input pulse.

In contrast, SC generation in optical fibers involves purely temporal
dynamical processes, with the transverse mode characteristics determined only by
linear waveguide properties. This results in a sudden outburst of research interest
in the last decade with the most of the current success in envisaging controlled
SC generation in core-modified fibers and birefringent fibers, in particular
Photonics crystal Fiber (PCFs) [42-44]. The confinement of input pulses inside a
fiber core of few microns diameter over long lengths coupled aids long nonlinear
interactions resulting in broad spectral broadening even with moderate input
energies of few nJ [45]. Broadband SCG which was always associated with
femtosecond pulses in bulk media is now envisaged with ps and ns pumping. The
recent progress has been tremendous with the demonstration of SCG in PCFs
with CW pumping [46]. The use of PCF’s as SCG media was first exploited by
Ranka et al. [42] where they demonstrated broadband SCG spanning from 400
nm to 1600 nm with excitation of unamplified 800 nm, 100fs pulses.
Subsequently, several research groups devoted their efforts both theoretical and
experimental in understanding the SCG in PCFs [44]. The characteristics of PCFs
that have led to such interest relate to their guidance properties that yield single-
mode propagation over broad wavelength ranges, their enhanced modal
confinement and therefore elevated nonlinearity, and the ability to engineer their
group velocity dispersion [47]. The design freedom of PCFs has allowed SC
generation to be observed over a much wider range of source parameters than has
been possible with bulk media or conventional fibers. SCG in PCFs has

subsequently been widely applied in interdisciplinary fields such as optical
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coherence tomography, spectroscopy, and, particularly, in optical frequency
metrology, leading to the development of a new generation of optical clocks, and
has opened up new perspectives to study limits on the drift of fundamental
physical constants [48]. The award of one-half of the 2005 Nobel Prize in Physics
to Hall and Hénsch, is of course a measure of the tremendous significance and
impact this work in precision frequency metrology. The current progress in
technology offers turn-key solution to a white-light laser that adapts the SCG
from PCF’s [49].

3.4 Issues on SCG addressed in this dissertation work

With much progress in SCG in both bulk and fiber media; the SCG in
PCFs emerges to be useful in most applications simply because it control over the
spectral and temporal properties of SCG spectra. With its spectral brightness and
high peak intensities SC has found myriads of applications as an ideal broadband
ultrafast source. Major applications demonstrated using SCG include
femtosecond time resolved spectroscopy, optical pulse compression, optical
parametric amplification, optical frequency metrology, two-photon absorption
spectroscopy, and biomedical imaging [50]. In spite of voluminous literature
available on the generation, understanding and application of SCG in various
media, a more detailed scrutiny in this exciting field of research lead us to

investigate in more detail the following aspects of SCG:

1. Several experimental studies revealed [25,26] that for a particular medium
there is a limit to the spectral extent of the attainable SCG with a high-
frequency cutoff insensitive to pulse energy. For condensed media,
physical factor such as material band gap and linear chromatic dispersion
were found to play a major role in determining the extent of high-frequency
cutoff. Strategies to overcome this limitation would be of very great
scientific importance.

2. With the general assumption that polarization of the generated SC follows
the incident pulse [1], it has been shown that at high input powers the SCG

gets depolarized due to the formation of low density plasma [51]. However,
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no report till date has ever dealt with the control of polarization properties
of the SCG and hence research in this direction is relevant.

3. Neshev et al. [52] demonstrated the spatio-spectral control and localization
of SCG through nonlinear interaction of spectral components in extended
periodic structures. However, there are no other reports that discuss the role
of media in exercising any control over SCG. Such a control is essential for

fundamental understanding and improved SCG source generation.

In the subsequent two chapters we present our efforts to tackle the above
mentioned problems in SCG in transparent bulk media. Since material with
material bandgap possesses serious limitation on the high frequency cut-off of the
SCG spectra, searching for materials with higher bandgap might not be the only
feasible solution. On the other hand it is well known that using nonlinear crystals
with high x(z) coefficients, new frequencies can be easily produced by using the
second harmonic generation (SHG) and sum frequency generation (SFG).
Moreover, the intrinsic anisotropy of these nonlinear quadratic crystals offers
intrinsic anisotropy of the nonlinear refractive index n, facilitating different P,
in different directions for the same input power. Recent reports envisage good
pulse compression in x(z) media [53]. Thus, all these features could offer control
over various media-dependent parameters allowing better control over the
spectral and temporal characteristics of SCG. We proceed in this direction and
performed studies in a very popular quadratic nonlinear crystal Potassium Di-

hydrogen Phosphate (KDP) crystal. The obtained results are presented in the next

two chapters.

3.5 Summary

e The temporal, spatial, and spectral properties of an ultrashort pulse
experience modification when it propagates through such media resulting in
the generation of a spectrally broad white light termed as Supercontinuum

generation (SCQ).
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SCG is a consequence of the interplay of several dynamical processes such
as self-focusing, group velocity dispersion, intensity clamping, self-
steepening, anti- Stokes spectral broadening, filament fusion, filament

breakup and competition between multiple filaments.

Basic theoretical model describing the self-phase modulation as the basic
important mechanism for the spectral broadening of input fundamental

pulse was presented in brief based on 1-D wave equation.

A general formalism based on 3-D wave equation based on the theoretical
calculations by Gaeta was explained in brief. Theoretical simulations show
that (1) as the pulse approaches the collapse point; a steep edge is formed at
the back of the pulse (i.e., an optical “shock wave”) and is accompanied by
a large phase jump. The resulting pulse spectrum exhibits a broad blue-
shifted pedestal with a sharp cutoff; and (2) that shock formation due to
space-time focusing and self-steepening dictate the collapse dynamics and
the role of multiphoton absorption and plasma formation is simply to halt

the collapse at the powers significantly above the threshold for collapse.
A minimum of 4.7 eV bandgap is essential for obtaining SCG.

Various issues addressed in this dissertation were discussed.
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Abstract

In this chapter, Potassium Di-hydrogen Phosphate (KDP) crystal is

studied as a potential supercontinuum generation (SCG) media. The intrinsic
1 anisotropy of KDP is discussed with a goal to study SCG in KDP at

different crystal orientations. Initial SCG studies were performed in a z-cut KDP
crystal generated along its c-axis and all the general characteristics of SCG were
observed. As an effort to study the SCG at other orientations of KDP we tried to
generate SCG along the phase matching direction to achieve sum frequency
generation and observed an enhancement in the bandwidth of the generated SC.
The tunability in the blue region of the spectrum with angle due to wave-mixing
between various frequencies present in the SCG and the residual fundamental is
demonstrated. The bandwidth of supercontinuum achieved spans from 350 nm to
1300 nm. In addition, by employing arrangement of differently oriented crystals

we demonstrate the generation of a spectrally flat SC.
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Broadband supercontinuum generation
in a Potassium Di-hydrogen Phosphate
(KDP) crystal

4.1 Choice of KDP as SCG media:

Over the past few years many research groups have investigated SCG in
various materials. Several efficient and practical methods of SCG and broadband
emission have been demonstrated using microstructured fibers, photonic bandgap
crystal fiber (PCF), birefringent fibers, new materials like BaF, both with single
wavelength pumping and dual-wavelength pumping [1]. Of late, much attention
and interest are shown in the propagation of ultrashort light pulses in quadratic
(x(z)) media and the effective third-order (x(3)) nonlinearity that arises from the
cascading of second-order (y*') processes [2]. In this regard the reports include
pulse compression [3], compensation of self focusing [4], efficient temporal
shaping of ultrafast pulse [5], formation of spatiotemporal solitons and X —waves
[6], and control of group velocity [7]. J. Moses et al. [8] reported the possibility
of controlling the sign and magnitude of self-steepening through the wave vector
mismatch in a quadratic media, giving vital clues that the SCG could be
essentially controllable in a quadratic media. Furthermore, no work has been
reported on the generation of supercontinuum in a medium that has high second
order susceptibility (%) and our efforts are concentrated on the usage of the
second order nonlinear materials for the SCG. Besides, we know that the higher
harmonic generation takes the fundamental easily into UV and far UV regions
making use quadratic nonlinear crystals. In this scenario, research on materials
with good ' suitable for frequency conversion as well as continuum generation

at high intensities would be of great relevance.
In consideration of the above discussion, we have chosen potassium di-

hydrogen phosphate (KDP), which is a well-known nonlinear crystal possessing
high damage threshold [9] as a media to generate SC. KDP belongs to the family
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of crystals that exhibit excellent quadratic nonlinearity x®. Some of the features
of this crystal that make it indispensable for frequency conversion and wave
mixing are: (a) Good ultraviolet transmission; (b) High optical damage threshold;
(c) High birefringence, and (d) High nonlinear coefficient (3®). The direct band
gap of KDP is found to be 7.12 eV (174 nm) [10], which is quite high compared
to the minimum requirement of 4.7 eV. This combination of high band gap and
presence of high nonlinearity propelled us to investigate the SCG in KDP. With
its large bandgap, high damage threshold, and strong nonlinear behavior, KDP

shows great promise as a versatile candidate for SCG.

4.1.1 Anisotropy of 7 in KDP crystal:

SCG being essentially a third order process, it is intrinsically dependent

(3)

on the y"’of the material. The anisotropic property of the crystals results in

dependence of 7" on the rotation angle. It is found that in case of a KDP crystal,
the nonlinearity drops as the angle between the incident light and the principal
optic axis increases [11]. y” (@) is a function of the independent non-vanishing
v® components determined by the symmetry. Isotropic cubic crystals like BaF,
and CaF, having a space-group symmetry 43m have a well defined expression for
effective y* [12].  For uniaxial crystals, like sapphire and KDP, the relation for
effective % becomes more complicated as there is direction dependence for e-
rays but not for o- rays [13]. Furthermore, KDP being non-centrosymmetric

having a tetragonal structure and 42m symmetry, the expression for effective y

is more complex [14].

In order to observe the dependence of effective x© with simple

orientation of the crystal we carried out degenerate four-wave mixing studies in
forward box-car geometry [15] on a thin slice of the z-cut crystal by rotating the
plane of polarization of the input laser beam with respect to the 0° position (i.e
horizontal polarization) rotated by a HW plate as shown in Fig 4.1(a). As

explained in chapter 2, in a box-car arrangement the fundamental beam is divided
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into three nearly equal intensity beams in such a way that the three form three
corners of a square box and are focused into the nonlinear medium (sample) both
spatially and temporally. The DFWM signal that comes as the fourth corner of
the box generated as a result of the phase-matched interaction k4 = k3-k,+k; of

the three incident beams as shown in the Fig 4.1(b).

(a) |a-axis > (b)

Sample

V'

v

A Input plane of polarization
by

b
w

KDP crystal

Fig. 4.1: (a) Position of the crystal used for the DFWM study the effect of orientation of plane of
polarization relative to the horizontal polarization denoted by 0; (b) Geometry of the box-car
DFWM set-up.

The third order nonlinear susceptibility 3 is obtained by comparing the
measured DFWM signal for the sample with that of fused silica as reference
(7 = 1.4 x 10" esu at 800 nm) under the same experimental conditions. The
following relationship is used [15]:

2 1/2 Ol'.vample

L

sample sample ref
aLsample
Va "

ref 'sample 1-

n
3

Ziplesu)  (4.1)

‘sample

Myor e
where I is the DFWM signal intensity, o is the linear absorption coefficient, L is

sample path length, and n is the refractive index taken as 1.48 and 1.45 for KDP

crystal and fused silica respectively at 800 nm. From the obtained y* we

estimated the value of nonlinear refractive index (n,) which is related to ¥ by

the relation [15]:

n, (cm® I W) = 0'(:;95 2% (esu) 42)

0
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Fig. 4.2: (a) Variation of n, with orientation of plane of input polarization
relative to the horizontal polarization denoted by 0. (b)Variation of P, with 0

Fig 4.2(a) shows the variation of n, with respect to the rotation of the

plane of polarization of the input beam clearly indicating the intrinsic anisotropic

nonlinearity in the KDP crystal.

focusing (P.) that is inversely proportional to n, [16] as discussed in chapter 3
increases with increase in the angle of rotation as seen in Fig 4.2(b). From this

study we estimated the P, for the KDP crystal along the c-axis to be ~2.8 MW.
Conclusively, the anisotropy of 7 leads to anisotropy of #, that in turn results

in dependence of P with orientation of the crystal. The immediate application of

O (degrees)

90

Correspondingly, the critical power for self-
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the anisotropy of ¥ one can envisage of is that it provides a handle in the

control of P, which in turn allows control of SCG with orientation of the KDP
crystal. We therefore carried out systematic study of SCG in KDP in order to
exploit the intrinsic anisotropic nature of the crystal and generate broadband SCG

as discussed in the subsequent sections.

4.2 Supercontinuum generation (SCG) studies in a KDP crystal:

In this section we discuss our results of SCG in KDP where we achieved
generation of broadband white light in a KDP crystal. Initially we generate SCG
in a z-cut KDP crystal by focusing the fs pulses along its c-axis. It should be
noted that KDP, being an uniaxial crystal, behaves as an optically isotropic
medium when the light is passed through its c-axis (i.e., optic axis). Then by
using the various orientations of the crystal calculated to make use of the various

;((2) nonlinear optical processes like second harmonic generation and sum

frequency generation in tandem with SCG in the KDP crystal we achieved
enhanced spectral content along with the tunability of SCG in the shorter
wavelength regime of SCG.

4.2.1 SCG in z-cut KDP media:
4.2.1.1: SCG spectral studies with linearly polarized fundamental pulses:

A z-cut KDP crystal with dimensions 10x8x5 mm?® are used for the study.
The SC is generated by focusing the 800 nm amplified femtosecond pulses pulse
into the crystal using a focusing lens of focal length f = 300 mm. The input beam
is considered to be linearly polarized parallel to (100) axis of the crystal and
propagating along the (001) axis of the KDP as shown in figure 4.3. The
calculated beam waist, taking gaussian beam approximation, at the focal point in
vacuum was ~ 50 um. The face of the sample was always placed 2 cm away
before the focus point to avoid any laser induced damage. The incident average
power used for the study was varied from 10 - 600 mW corresponding to a

maximum peak power variation of ~ 0.01 — 6.0 GW (~3 - 2000P,) This accounts
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for peak intensity of a maximum ~15 x10'> W/cm® on the front face of the
sample. The calculations of the peak powers and peak intensities were performed
assuming the gaussian beam profile for the incident pulse and neglecting the
Fresnel reflection losses from the surfaces. The spectra of continuum are recorded
using a fiber coupled spectrometer (Ocean Optics USB2000) after collimation
and suppressing fundamental by an IR filter thus limiting our study of SC to the
visible region (400 — 750 nm). The integrated intensity measurements of the SC
are measured by focusing onto a photodiode (FND100). The laser power that was
incident on the material under study was measured using a power meter (OPHIR)

with a nearly flat and wide spectral response.
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Fig. 4.3: Position of the z-cut crystal used in the study

We observed continuum generation at a threshold power of ~16 mW (~16
w/pulse) by keeping the crystal at the focus of the lens,. Figure 4.4 shows the
SCG data obtained for the z-cut KDP crystal for the incident average power of
350mW (i.e 350u]) per pulse) that corresponds to a peak power of ~3.5 GW
(>1400P;, for KDP) and peak intensity of ~ 8 x10'* W/ecm® on the front face of
the crystal. Figure 4.4(a) shows the spectra of the SCG and the snapshot showing
the dispersion of the spectra and figure 4.4(b) shows the snapshot of the KDP
crystal generating the SC at a far field on the screen. When an input energy of
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~100 pJ is focused at the center of the crystal, a conversion efficiency of ~23%

was observed.
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Fig. 4.4: (a) Spectra of the SCG at ~1400P,, and the snapshot showing the dispersion of the spectra;
(b) snapshot showing the crystal generating the SC at a far field on the screen
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(b) Plot of the integrated SCG intensity with input intensity

Figure 4.5 shows the variation of the SCG spectra with increase in the

input intensity. Expectedly the blue pedestal of the SCG gets stronger with

increase in the input intensity from 0.3x10'* to 15x10'* W/cm® with more input

fundamental pulse getting converted into SCG. Above a threshold intensity of

1.4x10' W/cm? we observe that the maximum positive frequency shift (on the

blue side of the central input wavelength of 800 nm) of the spectrum is constant.
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We elucidated this observation as mainly due to the clamping of the peak
intensity inside the filaments generated due to the propagation of the intense
femtosecond pulse in the medium [17]. Also a point of interest is the variation of
the integrated SCG intensity with input intensity. We observe that the overall the
SC output gets clamped after the input intensity of 6x10'* W/cm?® and does not
increase a great deal with further increase in the input intensity. This is because
SCG is mostly efficient till certain input threshold intensity beyond which the
media slowly undergoes optical breakdown with increase in the avalanche-

ionization effects and the onset of high dense plasma [18].

4.2.1.2: Studies on the role of input polarization on the SCG:

In this section we discuss our results using linearly and circularly
polarized laser beams. We generated SCG for different ellipticity of the input
laser pulse by making use of a quarter wave plate (QW). Figure 4.6 depicts some
typical spectra obtained for the rotation of the QW by 0°, 15° and 45° i..,
changing the polarization of the laser pulse from linear to circular polarization.
Under conditions where the same energy (350 pJ) is employed, the signal
intensity of white light was found to be higher for linearly polarized light
compared to that obtained when circular polarization was used. This observation
is rationalized on the basis of both MPE-enhanced SPM and SPM processes. In
the case of femtosecond pulses, free electrons produced due to MPE enhance
SPM, and contribute towards SCG. Moreover, multiphoton effects are known to
be dependent on the state of polarization of the incident light. Lambropoulos [20]
pointed out that the effect of light polarization on the multiphoton ionization of
atoms is related, in a general sense, to the effect of field correlations of
multiphoton processes. Both effects arise from the fact that the vectors of the
radiation field affect, in nonlinear fashion, the transition amplitudes for
multiphoton processes. The nonlinearity in the amplitude of the radiation field
leads to ionization rates that depend on the correlation functions of the field, and
not just on the absolute value of the field amplitude. When the circular

polarization vector E_ +iE, is inserted in the expression for the transition
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amplitude, cross products of matrix elements involving the orthogonal

components £, and £ occur, and these lead to the dependence of the ionization

rate on the polarization state of the incident light field. Sandhu et al. [21] have
shown that supercontinuum generation in water, using 100 fs pulses, is reduced
for circularly polarized light. Petit et al. [22] have also shown that multiphoton
ionization is less efficient when a circularly polarized laser beam is used. Other
reports have theoretically shown that the effective ionization energy for circularly
polarized beams is higher than for linearly polarized beam [23]. Recently, Fibich
et al. have theoretically shown that multiple filamentation caused by self-

focusing is suppressed for circularly polarized laser beam in a Kerr medium [24].
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Fig. 4.6: SC spectra from z-cut KDP using linearly and circularly polarized light,
keeping the incident energy constant at 350 pJ

The integrated spectral intensity plot with variation in the ellipticity of the
input laser pulse by rotation of the QW plate as shown in figure 4.7 which
supports the discussion presented above. Clearly the spectral intensity falls at
multiples of 45° (i.e., m/4) of QW rotation generating circularly polarized

fundamental before focusing into the crystal.
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Fig. 4.7: SC intensity with Elliptical polarized input, open circles are the experimental
data while the line joining the scatter is to just guide the eye)

We now discuss how SPM processes contribute towards the polarization
dependence of white light generation. A z-cut KDP crystal behaves like a
optically isotropic when the laser pulse propagates along c-axis and does not
show linear birefringence with optical field. However, when the crystal is
subjected to a sufficiently intense optical field, SPM and cross phase modulation
(XPM) [25] may give rise to the field-induced change in the nonlinear refractive
index, whose magnitude is intensity dependent. The presence of XPM gives rise
to a nonlinear coupling between orthogonal field components. The nonlinear
refractive index change, in general, is unequal for two orthogonal crystal axes
since it depends both on the laser intensity and its polarization. Spectra in figure
4.6 show that the blue side is broad and intense for the linearly polarized beam
compared to that obtained with a circularly polarized beam. This might be
rationalized by considering the difference of interaction intensities at which those
spectral components were generated. Generation of the blue spectrum requires
higher intensity than that of light in the central part of the overall output
spectrum. Therefore, the variation of the white light intensity with laser

polarization becomes most significant in the blue region of the spectrum.
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4.2.1.3 Formation of the filaments

The estimated peak power for the formation of stable single filament is ~
260MW (i.e., ~10P,). As we increase the input power to ~100P, we start
observing multiple filament formation where the number of filaments sharply
increases. Each of the individual filaments can generate white light continuum
[26]. We start observing coherent interaction between the filaments leading to the
fluctuating interference patterns in the far filed image of the output on a screen.
At still higher powers (>270 MW, ~100P,), the number of filaments become
very large with the effect that the intensity fluctuations within the profile of the
beam almost diminishes. When the filaments are more than one but are finite in
number, the interference due to the filaments leads to colored fringe-like pattern
within the beam profile. With large number of filaments, these patterns merge
leading to a uniform white continuum at every position of the beam cross-section

similar to what was observed for SCG in BK-7 glass as shown in Table 3.2.

4.2.1.4 Coherence properties of SCG:

The supercontinuum that is generated from each of these filaments
possesses a high degree of spatial coherence, which has been demonstrated using
a simple Young’s double slit configuration [27]. High degree of spatial coherence
from the white light generated from multiple filaments has been reported in
literature [28]. In these experiments, a stable interference is obtained in the far
field that indicates that for the white light generated in these filaments, each
spectral component has the same coherence as the initial pump pulse. We
demonstrated the coherence properties of SCG by using Young’s double slit
experiment and a Michelson interferometer. A Young’s double slit geometry is
used to determine the spatial coherence. We have done this by placing two slits of
width ~80 um and separated by ~0.25 mm normal to the direction of propagation
of white light, and by measuring the fringe visibility of the interference pattern
that is obtained in the far field. The fringe pattern is depicted in figure 4.8(a).
Fringes are observed until the separation between the slits is increased to 4 mm,

for an input beam diameter of 12 mm. Part of the laser beam was directed to
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Michelson interferometer with a spectrometer at its output end to confirm the
temporal coherence of the supercontinuum generated by observing the fringes on
a screen as shown in figure 4.8(b). The inset in the figure 4.8(b) showing the

spectra considered for the study.

T T . ' I I
A
n 12
= ‘5 3000
S 3000 | 2 1
=:’ %‘2000
& 5
3 5 1000} H
s |
§ T Y400 500 600 700 800 r [ (b)
= Wavelength (nm)
[P]
: |
~d
‘7
S 1000 |- i
N
=
©
% i
O M
wn
0 Sl
400 500 600 700 800

Wavelength (nm)

Fig. 4.8: (a) Young’s double slit fringes with a slit separation of ~0.25 mm and ~80 pm slit
width (b)Spectral interference of the SCG showing the temporal coherence (inset) the
spectra of the SCG considered for the temporal study

There is a certain difficulty in obtaining the spectral interference using the
Michelson set. This is mainly due to the fluctuations associated with the SCG
spectrum. The origin of the fluctuations could be due to several reasons to name a
few: (1) Pulse to pulse fluctuations of the fundamental pulse, (ii) Instability of the
pulse duration with time, (iii) small coherence length of the femtosecond pulse.
Nevertheless, this method is the easiest way of estimating the temporal

characteristics of SCG. In our case we tried to estimate the temporal
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characteristics of the SCG; however the data obtained was insufficient to be able
to obtain any useful information other than the proof of temporal coherence of the
SCG. In practice, a full-intensity and- phase measurement of the continuum
pulses can be made using cross-correlation frequency-resolved optical gating
(XFROG) [29]. Many numerical simulations have been used in studies of the
temporal and spectral features of supercontinuum generation [30]. In particular,
an ensemble average over multiple simulations performed with random quantum
noise on the input pulse allows the coherence of the supercontinuum to be
quantified in terms of the dependence of the degree of first-order coherence on
the wavelength. The coherence was ascertained to depend strongly on the input

pulse’s duration and wavelength.

4.2.1.5 Polarization properties of SCG:

A prior knowledge of the polarization properties of SCG is of utmost
importance as continuum with stable polarization properties plays an important
role in many applications that include femtosecond time resolved spectroscopy,
optical pulse compression for generation of ultrashort pulses, a seed pulse of an
optical parametric amplifier, optical frequency metrology, two-photon absorption
spectroscopy, biomedical applications demand a better control over the
production and properties of SC [31]. It is generally assumed that the generated
SC follows the state of polarization of the input pump pulse. However we
obtained very interesting results with this aspect of the SCG and we discuss more
this issue in the chapter 5 where we go on to show that KDP is a better media in

provide SCG with better polarization properties.

4.2.2 SCG studies with different orientation of KDP and its applications:

To summarize the results discussed in the previous section the
supercontinuum (SC) generated in a z-cut KDP crystal has all the general
characteristics of SCG discussed in chapter 3. As discussed in the section 4.1 we
expect the SC to be different in different orientation of the crystal owing to its

property of intrinsic anisotropy of nonlinearity. Moreover KDP being an good
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7'» opens up many possibility of having the ¥ and y* being exploited
simultaneously to obtain interesting overall phenomena and the much needed
control over the overall SCG output even at high input power of the fundamental
laser pulses. In the subsequent sections of this chapter we discuss our most
interesting observations of generating SC at different orientations of the KDP
crystal obtaining the generation of tunable broadband white light in a KDP
crystal employing SCG in tandem with second harmonic generation and sum
frequency generation (SFG) with SCG in the KDP crystal. We further go on to

demonstrate a novel strategy in obtaining a spectrally flat SCG.

4.3 Broadband supercontinuum generation in a KDP crystal:

4.3.1 Second harmonic generation (SHG) in tandem with SCG:

The most important feature of crystalline KDP that make it indispensable
in nonlinear optical application is its high nonlinear coefficients allowing
efficient frequency conversion and wave mixing. Initial results from our group in
this regard were from exploiting the harmonic generation ability of KDP when
pumped along its phase matching direction. Most interesting observation when
the amplified pulses were focused into the KDP crystal along its phase-matching
direction there was tandem generation of SCG along with the second harmonic

generation which was never observed before [32].

The phase matching angle of the KDP crystal for SHG of 800 nm is 45°
and Type I critical phase matching has been used. The SCG is investigated at
phase matching angle (indicated by 0°) and also away from the phase matching
angle. The visual appearance of the generated supercontinuum, away from and at

the phase matching angle is shown in figure 4.9 (a) and (b).
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Fig. 4.9: (The right panel) (a) shows the supercontinuum generated at the phase matching
angle of KDP as seen on a white screen and (c) the appearance of the KDP crystal
during the SCG. (The left panel) SCG at an angle far away from phase matching angle,
and (d) the appearance of the KDP crystal. The blue color in the right panel is due to
the emission from the screen due to SHG

The snapshot in the right panel of figure 4.9 clearly shows the tandem
generation of SHG as well as SCG at phase matching angle. It may be noted that
blue color seen in the right panel of figure 4.9(a) is the emission from the screen
due to SHG. The left panel of figure 4.9(b) shows the SCG generated away from
the phase matching angle. The faint blue ring seen on the right panel has its
origin in the conical emission, which generally accompanies SCG. The colored
emission seen the snapshots of the crystals as shown in figure 4.9(c) and (d) both
at and away from the phase matching angle supplements the observation of the
SCG in figure 4.9(a), (b). The dispersion and spectral content of the continuum
generated away from the phase matching angle is depicted in figure 4.10(a). The
observed bandwidth is from 420 - 960 nm (after attenuating the pump beam with
an IR filter). As the crystal was rotated towards the phase matching angle, SHG
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starts showing up. The dispersion and spectrum measured at phase matching
angle of the generated supercontinuum (after attenuating the pump beam with an
IR filter) is as shown in figure 4.10(b). The observed bandwidth is from 380 - 960
nm. The spectrum was thus pushed by almost 40 nm more into the ultraviolet,
thereby extending the spectral width of the SCG towards the shorter wavelength

region.
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Fig. 4.10: (a) left panel showing the spectrum of SCG away from phase matching angle and the
snapshot of the dispersion of SCG; (b) right panel showing the spectrum and
dispersion of SCG at the phase matching angle. The cut-off wavelength of SCG on the
blue side for at and way from the phase matching angle is 380 nm and 420 nm
respectively.

One important observation to be made here is that at the phase matching
angle the intensity of the second harmonic is dominant compared to the intensity
of the SCG. This could be because of the depletion of the input field by the SHG
conversion before the onset of self-focusing initiating continuum generation. The
evolution of the spectral content of SCG as well as the SHG, as we rotate the
crystal away from the phase matching angle, is as shown in figure 4.11. For

angles away from the phase matching direction for SHG, we observe an increase

in the intensity of the continuum while the SHG intensity reduces.
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Fig. 4.11: Evolution of the SHG and SCG as we rotate the crystal towards the phase matching
angle (Here 0° refers to phase-matching angle and the angular variation is measured
with respect to it). (Figure adapted from [32])

4.3.2 Sum frequency generation (SFG) in tandem with SCG:

In this section we discuss our results on enhanced supercontinuum
generation (SCG) with KDP crystal that was cut at the phase matching angle with
respect to the c-axis. This phase-matching condition facilitates the possibility of
achieving sum frequency generation (SFG) in tandem with the SCG along the
lines of enriching the UV-blue content of the spectral bandwidth of SCG in
tandem with SHG as discussed in the previous section. The crystal when oriented
at the phase matching angle for SHG as shown in figure 4.12, we obtain SHG in
addition to the SC in the spectrum. The spectrum was thus pushed by almost 25
nm more into the ultraviolet, thereby extending the spectral width of the SCG
towards the shorter wavelength region. The disadvantage in this scheme is
evidently the reduction in SCG intensity in the presence of SHG. This is because
of the depletion of the input field by the SHG conversion before the onset of self-
focusing of the fundamental, which initiates continuum generation. As an effort

to get over this disadvantage of the scheme of SHG and SCG in tandem we
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extended our studies to use SFG in tandem with SCG in the KDP crystal. The key
idea of achieving SFG and SCG in tandem is that we expect the input
fundamental pulse (800 nm) to parametrically mix with any of the wavelengths
present in the continuum satisfying the phase matching condition for the sum

frequency generation.

vertical axis of the goniometer
p

Cpaxis b- axis

Pump beam

1.6 cm

\,
a —axis ﬁ é°
. \$
horizontal axis of the 1.2 cm
goniometer

Fig. 4.12: The orientation of the KDP crystal axes with respect to the pump. The crystal
was cut such that the input beam is incident at 45° with respect to the ¢ — axis.

In a typical optical parametric amplifier (OPA), the continuum was
generated in a transparent medium like sapphire and was made to undergo wave
mixing in a different nonlinear crystal like beta barium borate (BBO) to generate
sum or difference frequencies. Here, we could generate continuum and achieve
wave mixing in a single KDP crystal where the mixing crystal itself was used as a
source of continuum, which then acts as the seed for the wave mixing process.
For this study, the KDP crystal was mounted on a goniometer such that the a-axis
of the crystal coincides with the horizontal axis of the goniometer and the c-axis
makes an angle of 45° with respect to the vertical axis of the goniometer as
shown in figure 4.12. We have observed that the optimum wave mixing and

continuum signal output was obtained when the crystal was rotated by 24° around
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the vertical axis of the goniometer. It may be pointed here that this 24° rotation
was to achieve optimum SHG and continuum and may not represent the exact
rotation angles with respect to the three crystal axes as there could be some error

in the orientation of crystal while cutting and polishing with hand.

The sum frequency radiation generated at this position was 399 nm that
corresponds to the 0° spectra in the figure 4.13(a) and was due to the wave
mixing of input pump frequency at 800 nm and frequency at 796 nm in the
continuum. From this position the crystal was rotated from -7° to 10° around the
a-axis of the crystal (horizontal axis of the goniometer) to get SFG at each
orientation of the crystal. Figure 4.13(a) shows the series of spectra obtained for
different orientations of the crystal, where the peaks in the blue region were the
sum frequency signals obtained due to the mixing of the fundamental at 800 nm
with different components of the continuum generated in the KDP crystal. We
can clearly see the peak in the blue region shifting with each rotation of the
crystal. Figure 4.13(b) shows two typical spectra obtained at -7 and -5 positions
which yielded the SFG peaks at 352 nm and 360 nm clearly proving our assertion
of stretching the bandwidth till 350 nm as compared to 420 nm obtained in figure
4.10(a).

Figure 4.14 that shows the SFG+SCG spectra obtained for the crystal
positions of +7° and +9° positions showing SFG peaks at 440 nm and 490 nm,
respectively demonstrates the usefulness of KDP in the tunabilty of SCG with
SFG peaks at different orientations of KDP. Figure 4.15 shows the spectra
obtained by the SFG in tandem with SCG that has good spectral content starting
from 350 nm overcoming the disadvantage in generating SCG with tandem with
SHG as was discussed at the beginning of this section. The snapshot in figure
4.15 shows the dispersion of the SCG spectrum with rich content in blue as well

as in the green spectral region.
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Fig. 4.13: (a)A plot showing the tunability of the blue part of the spectrum with change in angle of
orientation of the KDP crystal; (b) SFG+SCG spectra obtained for the crystal positions
of -7° and -5° positions showing SFG peaks at 352 nm and 360 nm, respectively.
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showing SFG peaks at 440 nm and 490 nm, respectively to show the
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Fig. 4.15: Spectrum of SCG with a representative SFG peak to show the enhancement of the spectral
content in continuum spectra by combining SFG and SCG in tandem in KDP crystal. The
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108



Broadband SCG in KDP crystal... Chapter 4

4.3.2.1 Theoretical studies

The phase matching angles (Type I) were calculated for the sum
frequency generation using the relation:
1,0 +1,,0, =7;,0, (4.1)
where o), ,, and o3 are the frequencies of the fundamental, frequency present in
the continuum and the sum frequency generated, respectively and nj,, ny,, and nze
are the corresponding refractive indices. In this case ®; and ®, were ordinary rays
(s-polarized) and w; is extraordinary ray (p-polarized). The refractive index of the

e - ray (m3) at different angles was calculated using the relation:

4.2)

1 :cosz(é?) 3§ sin”(0)
RO n’
We have obtained reasonably good agreement between the calculated

phase matching angles and the experimental orientation of the crystal, within the
limits of experimental error. The calculated and obtained angles of few
representative peaks are presented in the Table-4.1. The tunability achieved in the
blue region of the spectrum extends from 352 nm to 489 nm by appropriate

rotation of the crystal.

Table-4.1: The table showing the few representative wavelength peak shifts with calculated
angle of rotation difference (0.. 4ir) and experimental angle of rotation difference (Bexp aif) to
reach from one SFG peak to the next by the rotation of the KDP crystal on the goniometer.

SFG peak wavelength Ocal aif Oexpt dif
425nm to 420nm 0.32° 0.4°
420nm to 415nm 0.29° 0.4°
415nm to 410nm 0.39° 0.5°

Table 4.2 shows the summary of the SCG obtained at different

orientations of the crystals (0,,,,,.., )- Keeping the input wavelength (A,) as 800
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nm, we calculated the mixing wavelength (A, ) from the SCG spectrum required

to undergo wave-mixing to obtain the corresponding SFG peak (A;) observed

experimentally. Using the relation 4.2 we theoretically estimated the required

angle of orientation of the crystal (0

theory

) with respect to the original position

of the crystal (i.e., 45° relative to c-axis) as shown in figure 4.10. Conclusively

we obtained close agreement between the theoretical and observed angle of

crystal orientations.

Table- 4.2: Summary of experimental and theoretical observations of generation of SFG peaks in

SCG
}“1 7L2 (theory) }h3 (observed) 0 0
fundamental mixing SFG peak in theory observed
peak wavelength SCG wrt 45° wrt 45"
800 nm 632 nm 352 nm 5.8° 7°
800 nm 648 nm 357 nm 5.2° 6
800 nm 661 nm 361 nm 4.8 50
800 nm 681 nm 367 nm 3.6" 4°
800 nm 727 nm 380 nm 2.7° 3¢
800 nm 739 nm 384 nm 1.8° 2°
800 nm 788 nm 393 nm 0.7° P
800 nm 796 nm 399 nm 0’ 0’
800 nm 819 nm 404 nm 0752 -1°
800 nm 841 nm 409 nm _]8 2"
800 nm 867 nm 415 nm 2.4° -3"
800 nm 890 nm 420 nm 298" 4"
800 nm 911 nm 426 nm -4.4" -5"
800 nm 943 nm 432 nm -5.2" -6"
800 nm 980 nm 440 nm -6.5° -7°
800 nm 1199 nm 478 nm -7.2° -8’
800 nm 1270 nm 490 nm 7.6 9"
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From the Table 4.2 we could conclude that the fundamental pump (800
nm) effectively mixes with different frequencies of the continuum starting from
632 nm to 1300 nm, though we cannot detect the wavelengths beyond 960 nm
owing to the limitations of the spectrometer. Figure 4.11 (a) does not show much
of the IR region of the continuum as we have used an IR filter for suppressing the
fundamental going to the spectrometer. The existence of this part of the spectrum
(from 850 to 960 nm — within the range of the spectrometer) was confirmed by
using a grating to disperse the continuum and by recording the spectrum in the IR
region by spatially filtering out the fundamental at 800 nm nm. Tunability of this
blue peak, however, confirms the presence of the spectrum until 1300 nm.
Another point to note is that the sum frequency signal broadens towards the
longer wavelength as the SFG shifts towards wavelengths more than 430 nm.
This is mainly because the refractive index variation with wavelength is slow in
the IR region. Thus, we effectively achieve the enhanced continuum extending all
the way from 350 nm to 1300 nm. Table 4.3 summarizes the preliminary results
from ref. 32 and the improved results obtained with SFG in tandem with SCG in
our efforts in enriching the blue spectral content of SCG in KDP crystal

Table-4.3: The table shows the lower cut off wavelength achieved

Experimental conditions lowel B
Away from phase matching angle 420 nm
At Phase matching angle for SHG 385 nm
At Phase matching angle for Sum 350 nm
frequency generation
Lower cut-off wavelength tunable from: 350-500nm
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4.3.2.2 On polarization of the broadband SCG

The continuum generated retains the polarization of the fundamental
excitation pulse and exits the crystal with s-polarization, whereas, the wave-
mixing signal generated exits with p-polarization. The output beam, therefore,
comprises of wavelengths having orthogonal polarizations. In order to obtain a
constant polarization across the entire spectrum a Mach-Zehnder type of
arrangement was employed using a prism polarizer to separate the two
polarizations and recombining them after the blue region goes through a half-
wave plate. One of the mirrors was mounted on the translation stage to achieve
equal path difference for both the arms. The schematic experimental arrangement
described above is as shown in figure 4.16. The only disadvantage of this scheme
is that there is some loss of overall SCG output when it passes the broadband
beam-splitter used for remixing beams from the two arms. The disadvantage of
having two polarizations can however be an advantage, where one can separate
blue and continuum easily with a prism polarizer and use it for pump-probe
experiment where the continuum can act like a probe and the SFG emission can

be considered as tunable pump source.

Delay
Prism polarizer

Blue-rich SCG Blue-depleted SCG
§ — Retro-

Mirror reflector

Broadband half-
wave plate

Blue-rich SCG with
N same polarization

i
|

Mirror Beam-

splitter

Fig. 4.16: Experimental schematic for recombining the orthogonal polarizations
generated in SCG in tandem with SFG.
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4.3.2.3 Generation of spectrally flat broadband SCG

Various applications requiring a broadband white light source demand
that the source is not just, broad band, but also possess constant intensity
throughout the emission bandwidth. Of late much interest is shown in the
generation of the spectrally broadband SCG [33]. An interesting solution could
be to try SCG and wave mixing in a tandem arrangement of differently oriented
KDP crystals as shown in figure 4.17(a). Extending our experiments in order to
achieve a flat continuum through out the visible range, we employed two slices of
KDP, the first one being a cube of 1.2 cm and the second one being a slice of 5
mm thickness, both cut at an angle of 45° with respect to the c-axis. These two
crystals were arranged next to each other in tandem as follows [see Fig. 4.15(a)]:
The cube was placed at an angle where the peak in the blue region was at 399 nm
and the slice was oriented such that its peak was at 423 nm, when each was
pumped individually in the absence of the other. The continuum generated by the
individual crystals and when both were placed in tandem are as shown in figure
4.17(b). We observe that the tandem generation of white light has almost a very
flat spectral output throughout the wavelength range. At the experiment this
result gives an indication that the resultant SCG after the two crystals is just
addition of the two individual spectra. To negate this we added the spectra of the
two individual crystals and averaged as shown in the dotted line of figure 4.17(b).
So the most likely phenomenon happening could be that in this tandem
arrangement SCG is first generated in the first crystal and the residual
fundamental is responsible for SCG in the second crystal with some nonlinear
process being contributed by the SCG of the first crystal resulting in spectrally
flat-SCG. This was achieved by using just two crystals to form the system. If
more crystals were used, it may yield flattened blue and enhanced UV spectrum
through wave-mixing. However the usage of this particular arrangement has a
straightforward application in the ability to enriching the spectral content of SCG

in the spectral region of our choice by choosing appropriately cut crystals.
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Fig. 4.17: (a)Crystal arrangement for tandem generation of spectrally flat SCG;
(b) Enhancement of the bandwidth of the continuum generated by
using a system of two differently oriented KDP slices that result in
the production of a nearly flat spectral output.

4.4 Conclusions:
e In this chapter, Potassium Di-hydrogen Phosphate (KDP) crystal is studied

as a potential SCG media.

e The intrinsic y* anisotropy of KDP was discussed by performing the

degenerate four-wave mixing studies with a goal to study SCG in KDP with
different orientations. We estimate the P, for the KDP crystal along the c-
axis to be ~2.8 MW.
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Initial SCG studies were performed in a z-cut KDP crystal generated along
its c-axis and all the general characteristics of SCG were observed. An
efficiency of ~23 % over the visible spectral range was achieved. The
coherent nature of the white light is confirmed using Young’s double slit

and Michelson interferometer experiments.

From an earlier work [32] when the crystal oriented at the phase matching
angle for second harmonic generation (SHG), we obtain SHG in addition to
the supercontinuum in the spectrum. The reduction in SCG intensity in the
presence of SHG is a major disadvantage in this scheme because of the
depletion of the input field by the SHG conversion before the onset of self-
focusing of the fundamental, which initiates continuum generation. As an
effort to get over this disadvantage of the scheme of SHG and SCG in
tandem a new method of achieving broadband femtosecond white light in a
KDP was employed where we make use of SFG in tandem with SCG in the
KDP crystal.

Without any phase matching for SHG or sum frequency generation, we
observe continuum from 410 nm to 960 nm. However, as we rotate the
crystal to a position where the phase matching condition for parametric
wave mixing is satisfied we obtain new frequencies in the blue region,
tunable with angle. Thus KDP can be effectively used for generation of sum
frequency signals along with continuum generation to produce broadband
white light generation from 350 nm to 1300 nm. Presence of signal in the
region from 960 nm to 1300 nm was confirmed through the appearance of

wave mixing signal.

Further, we have also demonstrated a novel way of achieving white light
having a broadband and spectrally flat SC by employing tandem

arrangement of differently oriented crystals.
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Abstract

In this chapter, a systematic study of depolarization of supercontinuum
across its spectral range as a function of the femtosecond laser pump intensity for
an anisotropic crystalline condensed medium, KDP crystal, and compare our
results with commonly used supercontinuum generation materials namely BK-7
glass (representing isotropic amorphous condensed media) and BaF'; (isotropic
crystalline condensed media) is presented. Our results show that at higher input
power depolarization in the continuum increases for BK-7, BaF; and along the
direction of the optic axis KDP crystal. However in case of KDP crystal we
observe that the depolarization properties are strongly dependent on (i) the plane
of polarization of incident light and (ii) the orientation of the crystal with respect
to the incident light. Our studies also confirm that one can achieve SCG in a
KDP crystal that maintains the same state of input polarization even at high input

intensities when proper orientation of the crystal is used.
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Depolarization properties of the
supercontinuum generated in condensed
media and its control

5.1 Introduction

With its high spatial coherence, good polarization properties, spectral
brightness and high peak intensities enabling strong light-matter interaction in the
nonlinear regime [1], supercontinuum (SC) has found myriads of applications as
an ideal broadband ultrafast light source. In the last two decades much research
has gone into the generation of SC in various materials like microstructured
fibers, photonic bandgap crystal fiber (PCF), birefringent fibers, BaF, crystal,
sapphire [2]. As discussed in chapter-4, we reported the generation of broadband
white light KDP crystal, where we have made use of the second harmonic
generation in tandem with SCG in the KDP crystal [3]. By employing SCG and
sum frequency generation (SFG) in tandem, the tunability of SCG in the shorter
wavelength regime (i.e., < 400nm) was achieved along with the generation of

ultra-broadband SCG with suitable orientation of the crystal [4].

Apart from generating spectrally broad SC, a prior knowledge of the
polarization properties of SCG is of utmost importance as continuum with stable
polarization properties plays an important role in many of the spectroscopic
applications. Major applications of SCG that include femtosecond time resolved
spectroscopy [5], optical pulse compression for generation of ultrashort pulses
[6], a seed pulse of an optical parametric amplifier [7], the broadband spectrum
LIDAR [5], and two-photon absorption spectroscopy [9], optical frequency
metrology [10], and biomedical applications[11]. With the advent of SCG in
microstructured and birefringent photonic crystal fibers the systematic study of
polarization properties of obtained SCG have become even more critical as the
resultant polarization of SCG suffers from polarization fluctuations because of
noise in the input pump pulse and lot of efforts have gone in understanding the

SCG phenomenon in fibers [12]. Thus, in this scenario, research in materials for
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generating SCG with stable polarization properties has gained precedence over

generating SCG with ultra-broad spectral width.

The general assumption is that the generated supercontinuum (SC)
follows the state of polarization of the input pump pulse [1]. However, a distinct
degree of the degradation of polarization (depolarization) of SC generated in
isotropic materials is known to set in with increase in the input intensities owing
to the onset of multiphoton-induced free electron generation which also
corresponds to the onset of asymmetry in white light spectra [13]. For linear input
polarization, the SC spectrum was found to show strong depolarization around
the input wavelength, while the preservation of the input polarization is
pronounced towards the blue spectral region [14]. As many nonlinear optical
experiments require higher intensities for the continuum, it becomes a necessity
to pump at higher intensities. While doing so the medium generating the
continuum gets damaged and to avoid such damages, it is commonly practiced to
rotate / translate the medium. Such rotations /translations were assumed to
produce stable intensity and do not affect the continuum properties [15].
However, the polarization of SC is ascertained to depend strongly on the
orientation of crystalline media (like sapphire) with respect to the plane of

polarization of the pump light [16] thus contradicting the earlier assumption.

From the available literature pertaining to the study of polarization
properties of SCG, most of the studies are carried out in either of the following
ways: (a) an integrated fashion, i.e., over the entire spectrum [1,17]; (b) in a very
narrow spectral range but covering the entire SC spectra [13,16]. Recently,
interest in the study of the spectral dependence of the polarization properties has
gained precedence over the integrated measurements. In this regard extensive
work on the polarization properties of SCG in cubic materials like CaF, and
sapphire crystal were reported [14, 18]. Polarization of SC generated in CaF,
plate was shown to strongly depend on the orientation of the crystal with respect
to the plane of polarization of the pump light. The intensity modulation of the
broad blue-shifted wing of SC against crystal rotation for both the polarizations
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parallel and orthogonal to the polarization of the pump beam was observed with
both CaF, and Sapphire [18]. This study [18] was performed with input power
that corresponds to a maximum of 10P. for CaF; (P, = 2MW) where a stable
single filament could be obtained. As with increase in input power results in the
increase of input peak intensities one would expect an increase in the degree of
depolarization. This demands the study of polarization properties of the SC at
high input powers.

From another point of view, much research has been concentrated on the
manipulation of temporal and spectral characteristics of the SCG. The photonic
crystal fibers (PCFs) were investigated primarily because PCFs allow engineering
of the spectral dispersion and confinement of light through the underlying
periodicity of their structure [2]. The spatio-spectral control and localization of
SC was demonstrated through the nonlinear interaction of spectral components in
extended periodic structures [19]. The control of the onset of filamentation had
been achieved by rotating the plane of polarization of incident light [20]. The
control of the spectral content of SCG was achieved by manipulation of the
polarization of input laser pulses [21]. However, no report, till date, has ever dealt
with the control of polarization properties of the generated SC and hence any

research towards this purpose would be of great relevance.

In the light of the prevailing knowledge of the above mentioned studies
on polarization properties of SCG we performed studies of depolarization
(defined as loss of input polarization) of SC at a very high input intensity in KDP
crystal. In this chapter, we present our detailed systematic study of depolarization
of SCG across its spectral range with respect to increase in input powers from
~50 P, to 2500P,, for three classes of popular SCG materials: (a) BK-7 glass (P,
~ 2.5 MW) representing isotropic amorphous condensed media, (b) BaF, (P, ~
3.4 MW) isotropic crystalline condensed media and (c¢) KDP crystal (P, ~ 2.8
MW for a z-cut crystal) anisotropic crystalline condensed media. Our results at
high input peak powers show that there is complete depolarization of SCG in all

media. However in case of KDP crystal we observe that the depolarization
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properties are dependent on (i) the plane of polarization of incident light, and (ii)
the incident orientation of the crystal. Our study also confirms that one can
achieve SCG that maintains the same state of input polarization even at high
input intensities with appropriate orientation of the crystal. We also performed
the integrated spectral intensities measurements to supplement our spectral

dependant data.

Our results show, for the first time to the best of our knowledge, that the
depolarization (polarization degradation) of SCG is controllable when generated
in a quadratic nonlinear media like KDP crystal. The polarization of the
generated SC could be maintained similar to that of the incident pulses even at

high input powers.

5.2 Experimental Details

The experiments were performed with a Ti: Sapphire system (MaiTai +
Spitfire, Spectra Physics Inc.), delivering 1 mJ, 100 fs duration laser pulses at 800
nm and 1 kHz repetition rate. The input polarization is p-polarized (extinction
ratio <107). The SC is generated by focusing the 800 nm pulse into three
different media using a focusing lens of focal length f = 300 mm. The media
considered for the study are (i) a z-cut KDP crystal with dimensions 10x8x5
mm’, (ii)1.5 cm thick BK-7 glass, and (iii)) 10 mm BaF, crystal (EKSLPA,
Lithuania) cut for (001) orientation. While comparing the SCG in these three
media, input beam is considered to be polarized parallel to (100) axis of the
crystal and propagating along the (001) axis of the KDP and BaF, crystals as
shown in figure 5.1. The calculated beam waist, taking Gaussian beam
approximation, at the focal point in vacuum was ~ 50 um. The face of the sample
was always placed 2 cm away before the focus point to avoid any laser induced
damage. The incident average power used for the study was varied from 10 - 600
mW corresponding to a maximum peak power variation of ~ 0.1 — 6.0 GW. This

accounts for peak intensity of a maximum ~15 X 10" W/cm? on the front face of
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the sample. The calculations of the peak powers and peak intensities were

performed assuming the Gaussian beam profile for the incident pulse.

Spectrometer

1. R >|

Fig. 5.1: Experimental schematic used for the study on polarization properties of SCG

The spectra of continuum are recorded using a fiber coupled spectrometer
(Ocean Optics USB2000) after collimation and suppressing fundamental by an IR
filter thus limiting our study of SC to the visible region (400 — 750 nm). The
polarization of the SC is analyzed with Glan-Thomson polarizer (extinction
ratio~10°, Thorlabs). Care has been taken to see that the SC entering the Glan
polarizer is well collimated. Neutral density filters with known absorption spectra
in the region were used to collect the continuum spectra obtained at high input
powers. Taking into account the absorption spectra of the filters used, the
resultant spectra thus obtained are corrected and presented. For the integrated
intensity measurements the SC in both parallel (I,.) and perpendicular position
(Iortn) are performed by focusing onto a photodetector (FND100) after
suppressing the fundamental using a 750nm low pass filter (Thorlabs). Different
orientations of the crystal presented in the study were confirmed by X-ray peizo-

goniometer (Rigaku, Japan).
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5.3 Results and discussion:

5.3.1 Depolarization properties of SCG from BK-7, BaF; and KDP crystal

In this section we discuss our results on the degree of depolarization that
sets in the supercontinuum generated at high input powers in BK-7, BaF, and
KDP. To compare the continuum generated in these media, we followed the
following methodology [14]. The polarization of the SC was examined by the

transmitted SC spectra through the analyzer at perpendicular [/ ,(1)] and at

parallel orientations [/ _(A)] of the Glan polarizer with respect to the input

par

polarization as a function of the wavelength (A). We define the ratio of 7,, (1) to

I, () as the polarization ratio [p(A)]. Thus, larger the observed changes of the

SC polarization (depolarization) the smaller the resulting values of p, and hence
the input polarization retained in the process of continuum generation can be

presented by the polarization ratio. We define the integrated polarization ratio

(pint) as the ratio of integrated spectral intensity (over the entire continuum) / ;‘:;

tO[int

o~ While comparing the SC in the three media, we mention the different

peak powers in multiples of critical power for self-focusing (P,) for BK-7 glass.

Figure 5.2 shows the typical SC spectra of the different media under
consideration for an input power of 350mW, corresponding to ~1400P., and a
peak intensity of 8 x 10'> W/cm®. The broad blue pedestal at such a high input
power is mainly because, with increase of the incident power, apart from the Kerr
effect, free electrons that are generated due to multi-photon ionization (MPI) also
begin to contribute to spectral broadening of the fundamental input pulse. In the
high power regime, the time variation of the refractive index due to these free
electrons leads to asymmetric spectral broadening that is blue shifted while the
space variation of the refractive index gives rise to defocusing [22]. The free
electrons generated due to MPI give rise to plasma that induces a spectral shift.
This onset of plasma induced free-electron generation has been suggested as the

reason for the polarization degradation [13]. Thus, one would expect the
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polarization of the SCG to get degraded to a large extent at these higher

intensities.
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Fig. 5.2: Supercontinuum spectra of transparent media under study: BK-7 glass, a z-
cut KDP crystal positioned as in Fig.1, BaF, crystal

The above discussion is very apparent in Fig. 3 that shows the variation of
pint With increase in input power, where for the input power corresponding to
1400P,, the integrated polarization ratio is very low indicating maximum
depolarization. From Fig.3, we observe that as the input powers go beyond 250P;,
there is a dramatic reduction in the pin¢ of the SC for all the three media and
beyond 500P,, the pint remains a minimum indicating that the SC generated for
input powers > 500P,; for any media is mostly depolarized. A closer look into the
plot also gives an indication that for lower input powers SC from BK-7 glass
(amorphous) has better pijn¢ Wwhen compared to that of the other two crystalline
media. This observation is in agreement with that of an earlier work by
Midorikawa et al [16] which reports a self-induced polarization change of the SC
in crystalline media that are optically isotropic and do not show linear
birefringence in an ordinary optical field. Though the KDP crystal is an

anisotropic media, in this case, we can safely assume it to be isotropic as the SC
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is generated along its c-axis that coincides with its optic axis. Thus, at the first
look one would get the impression that for lower input powers the SCG in BK-7
glass has least depolarization; though with increase in input power all media
generate depolarized continua. As the data presented above is the integrated
intensity over the entire continuum, we carried out experiments to see the
depolarization at different regions of the spectrum using a spectrometer and the

Glan polarizer.
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Fig 5.3: Plot of integrated polarization ratio of the SC from the different media with
increase in the input power in terms of the critical power (P.,).

Figure 5.4 illustrates the methodology we followed for obtaining the
spectral dependence of polarization. The transmitted SC spectra through the

analyzer are first recorded at perpendicular [/, (1)] and at parallel orientations

I (A
(A)] of the Glan polarizer depicted in figure 5.4(a). The quantity Ly @)

[I ar
g Iorth (7\’)

referred to as the polarization ratio [p(A)] is then plotted with wavelength as the
x-axis as shown in figure 5.4(b). The spectra shown here correspond to SC from a

z-cut KDP crystal as shown in figure 5.2. Clearly, if the / . (A)component is

orth

high or comparable to /,,. (1) component of SC then p(A) attains small value
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indicating that more depolarization of the SC as one would expect the

I, ., (A) component to be minimal if SC is to maintain high degree of input linear

polarization. Therefore as per our assertion earlier in this section, the quantity

p(L) essentially contains the depolarization information of SC generated.
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Fig. 5.4: Illustration of the methodology followed to study the depolarization
properties of SC. (a) shows the two orthogonal components of SC after
analyzer; (b) shows the p(A) with respect to wavelength

Fig. 5.5 shows the polarization ratio [p(A)] of the SC across the spectra
under consideration at a very low input power (Pi, ~ 0.6 GW, corresponding to
~250P,, and I;, ~ 1.5x10" W/cm2). Most striking observation to make here and
from figure 5.4(b) is that the p(A) for SC of any of the three media is not the same
across the continuum spectrum. We find the small peak at 800 nm (residual of
fundamental) is surrounded by a pronounced SC depolarization. In contrast, the
blue region of the SC (450-750 nm) shows lesser depolarization, and p rises

towards the blue edge of the spectrum.

The observed phenomenon can be rationalized by considering that since
different spectral components of the SC are generated at different positions along

the propagation pathway of the pulse through the medium, the fate of the
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polarization of each component is determined by its corresponding nonlinear
anisotropic birefringence (NAB) and its interaction length in the SC filament.
Because of the input power being several times the critical power of self-
focusing, the input pulse effectively undergoes catastrophic collapse resulting in
space-time focusing and self-steepening forming an “optical shock” wave inside
the medium at a certain distance from the filament starting point [23]. The
multiphoton absorption and plasma defocusing weaken the trailing edge of the
pulse. Therefore, the effective length of interaction of the SC spectrum
components, with the most intense part of the pulse at 800nm, decreases toward
the blue part of the spectrum. Thus a more pronounced depolarization is observed
for the SC spectrum around the input wavelength, while minor depolarization

occurs in the blue wing.
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Fig. 5.5: Spectral polarization ratio [p(A)] of the SC at P;, = 250P,,

Comparing p(A) in figure 5.5 for the different media we observe that BK-
7 glass has a better ratio compared to that of KDP and BaF; crystal for lower

input powers. In the case of BK-7 glass the value of p in blue region is as high as
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~150 when compared to those of KDP and BaF, crystal which have values less
than 25. The depolarization of SC from BK-7 glass is lower presumably because
owing to its amorphous nature the effect of NAB is minimal at lower intensities
and the depolarization is mainly because of the interaction of the input pulse with
the plasma [13]. However, we find further depolarization in case of the crystalline
media like KDP and BaF, in addition to the effect of plasma, as there is a
substantial contribution of self-induced nonlinear polarization change due to the
effect of NAB because of the intrinsic anisotropic ¥ tensor (i.e., it contains
some nonzero off-diagonal elements) [14]. Thus, it can be concluded that for
lower input powers the material representing amorphous isotropic media has a
better polarization ratio compared to the crystalline media. On the other hand, at
such lower input powers the blue pedestal in the SC spectra is not intense enough
and that could prove a limitation for the applications requiring spectrally bright

SC source.

BK-7 glass which shows good p(A) at low input powers nevertheless
experiences gradual reduction with the input power. Figure 5.6 shows the
variation of the p(A) for input peak powers of 250, 600, 1400 and 2500 P, that
corresponds to the input intensities of 1.5, 3.5, 6.3, 15 x10'* W/cm? respectively.
For input of 2500P,, we observe that the overall p is less than 10 throughout the
blue pedestal of the SC indicating maximum depolarization. This is because
though BK-7 being an optically isotropic glass, at high input powers it is known
to undergo self-induced polarization change because of the transient nonlinear
birefringence induced by the incident laser beam itself inside the sample [24]. On
the other hand, KDP and BaF, crystals show rapid depolarization compared to
BK-7 at higher input powers as shown in figure 5.7 and figure 5.8 respectively.
For input of 2500P. we observe that the overall p is less than 5 and the
depolarization has almost flat response over the entire spectra. Thus, it can be
generalized that SC generated in any media at such high input powers has

maximum depolarization.
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Fig. 5.6: Plot of spectral polarization ratio [p(A)] of the SC from BK-7 glass with
increase in the input power in terms of the critical power (Py,).
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Fig. 5.7: Plot of spectral polarization ratio [p(A)] of the SC from KDP crystal along
c-axis with increase in the input power in terms of the critical power (P,;).
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Fig. 5.8: Plot of spectral polarization ratio [p(A)] of the SC from BaF, crystal along
c-axis with increase in the input power in terms of the critical power (P,;).

The estimated peak power for the formation of stable single filament is ~
26MW (i.e., ~10P) for the media considered here. As we increase the input
power, (~100P.) we start observing multiple filament formation where the
number of filaments sharply increases. Each of the individual filaments can
generate white light continuum [25]. The supercontinuum that is generated from
each of these filaments possesses a high degree of spatial coherence, which has
been demonstrated using a simple Young’s double slit configuration [3, 26]. We
start observing coherent interaction between the filaments leading to the
fluctuating interference patterns in the far filed image of the output on a screen.
At still higher powers (>270 MW, ~100P), the number of filaments become
very large with the effect that the intensity fluctuations within the profile of the
beam almost diminishes. When the filaments are more than one but are finite in
number, the interference due to the filaments leads to colored fringe-like pattern
within the beam profile. With large number of filaments, these patterns merge

leading to a uniform white continuum at every position of the beam cross-section.
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The polarization of the continuum remained the same as the input polarization
until the powers are raised to ~100P; at which the number of filaments would be
much higher than single filament. As mentioned earlier, though these filaments
interfere and lead to multiple interference pattern across the beam cross-section,
we still observe that the polarization ratio is well maintained. Only at the powers
larger than 100P,,, one starts observing drastic reduction in the polarization ratio.
At such powers we also expect the onset of plasma. This observation may
indicate that the depolarization could be due to scattering by electron density
inhomogeneities described by the dielectric tensor of the plasma [27] rather than
due to multiple filamentation. Further studies need to be carried out to establish
the reasons for the depolarization to quantify the contributions of plasma,

multiple filamentation and light scattering.

To conclude our observations till now on the study of p(A) of the different
media generating SC, we find the following: (a) the depolarization sets in the SC
with increase in input power, (b) different spectral components experience
different depolarization with the wavelength band around the input fundamental
peak getting maximum depolarization, (¢) At higher input powers the polarization
is affected because of the combined effect of the interaction of pulse with plasma
and the effect of the NAB. Thus, there is always a trade-off between obtaining
brighter SC at the cost of linear polarization properties of the SC. Any strategy to
overcome this limitation would be of immense relevance to the growing demand

of intense femtosecond while light sources with better polarization properties.

5.3.2 Reduction of depolarization in KDP crystal

We find that amorphous isotropic media like BK-7 glass which offers
better polarization ratio at low powers doesn’t hold any advantage at high input
powers. Similarly, isotropic cubic media that are centrosymmetric like BaF, that
has intrinsic anisotropic % tensor cannot do any better at high input powers,
though at low input powers there are recent reports on the anisotropic % of cubic

media being successfully used to control of the onset of filamentation in a BaF,
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crystal [20] and to some extent getting better polarization ratio in a CaF, crystal
at a very low input power of ~10P. [18]. However, KDP, being a non-
centrosymmetric crystal, has an anisotropic ' tensor and hence the anisotropic
non-linear refraction (nz) leads to nonlinear anisotropic birefringence (NAB)
being different for different orientations of the crystal. Thus the magnitude of
NAB depends strongly on the crystal orientation. Taking this cue, we carried out
experiments to study the effect of orientation on p(A) in a KDP crystal. It should
be noted here that the data shown till now is for the SC generated along the c-axis
of the crystal through which the natural birefringence is not present (ny=n)
making it behave similar to an isotropic medium. As discussed in chapter 4,
since SCG being essentially a third order process, it is intrinsically dependent on
the x® of the material. The anisotropic property of the crystals results in
dependence of ) on the rotation angle. The () is a function of the
independent non-vanishing % components determined by the symmetry.
Isotropic cubic crystals like BaF, and CaF, having a space-group symmetry 43m
have a well defined expression for effective %> [28]. For uniaxial crystals, like
sapphire and KDP, the relation for effective ¥ becomes more complicated as
there is direction dependence for e- rays but not for o- rays [29]. Moreover, KDP
being non-centrosymmetric having a tetragonal structure and 42m symmetry,
the expression for effective ¥ is more complex [30]. After ascertaining the
intrinsic anisotropic nonlinearity in the previous chapter evidently, we see that
the non-centrosymmetric KDP crystal can have orientation dependent P.. We
carried out polarization studies to investigate the effect of orientation of plane of
polarization on p(A). Henceforth, in the later part of this article the measurements

are presented with respect the input peak intensity rather than in terms of the P,,.

Figure 5.9(a) shows the variation of p(A) for the SC generated at an
average input power of 350mW that corresponding to a peak intensity of ~ 8
x10" W/em® along the c-axis of the crystal with rotation of the plane of input
linear polarization. With rotation of the plane of polarization from 0° (horizontal)

to 45°, we observed that the p(A) decreases and then increases from 45" to 90°.
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Clearly p()) is at its minimum when the plane of polarization is rotated by 45°

incidence indicating that at this position/, ,(4)is almost equal to
I,,. (1) signifying maximum polarization degradation. However, upon rotation by

90° we have enhancement in the overall p(A) with an increase of polarization
ratio in the wavelength region of 450-750 nm when compared to that obtained at
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Fig. 5.9 (a) Variation of n, with orientation of plane of input polarization relative to
the horizontal polarization denoted by 0. (b)Variation of P, with 6
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Figure 5.9(b) that shows the plot of variation of pin as a function of
rotation angle (0) confirming the obtained spectral data. The presented data are
the averaged values obtained by repeating the measurements three times with the
error bars accounting for a possible 5% experimental error. In other words, with
rotation of plane of input polarization a better polarization ratio was obtained.
We performed similar studies with BK-7 glass and BaF, crystal as well to see any
change in the p(A). As expected we did not see any alteration in the overall p(A)
confirming that this is unique to an anisotropic medium like KDP crystal.
However, a straightforward explanation to the observed dependence of the p(A)
in KDP crystal is not possible with the available literature. Though we expect the
p(A) to increase from 0° to 90° following similar trend as the variation of P, we

observed a dip at 45°.
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Fig.5.10: The polarization ratio p(A) for SCG obtained for three axes of the crystal

The p(L) for SC generated along a-, b- and c-axis of the crystal for the
same input power is as shown in figure 5.10. From the figure, it is evident that,
the SC along a- and b- axes have a lower depolarization compared to that along

c- axis indicating most depolarization of SC along the c-axis. p(A) is the lowest
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along c-axis probably because both the polarization components experience same
refractive index (no=n.). This led us to believe that SC along an axis other than
the c-axis should improve the polarization ratio. To confirm this assertion we
carried out our depolarization studies at orientations other than the principal
coordinates. We rotated the crystal around the b-axis with the 0™ position as the
direction with the plane of polarization parallel to the a-axis. Figure 5.11 shows
that as we move away from the c-axis the spectral dependence of p(A) gets better

when rotated by 30° relative to the 0™ position.
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Fig. 5.11: p() for SC generated at different crystal orientations
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Continuing on this line, we generated SC along several other orientations
of the crystal obtaining different p(A). At one such orientation determined to be
along 0 = 45° and ¢ = 3.5° (where 0 is the angle propagation vector relative to c-
axis and ¢, the azimuth angle), the generated SC was found to be having the least
depolarization. Figure 5.12(a) and (b) shows the SC output in parallel and
perpendicular positions of the analyzer respectively for this orientation in

comparison to that obtained along the ¢-axis at a high input power (I, ~ 8 x10"

W/em?).
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Fig. 5.12: (right) Snapshot of the SCG at the parallel and orthogonal orientation of the analyzer;
(left) the spectra recorded for SC at the corresponding analyzer position: (a) SC
generated along c-axis of KDP; (b) SC generated along the preferred orientation of the
crystal
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On the left side of Fig. 5.12 we present the snapshot of the SC output at
the two orthogonal positions of the analyzer. Clearly the contrast between SC
outputs generated is large when generated along the preferred orientation when
compared to that when generated along the c-axis.An interesting feature of figure

5.12(b) is that in order to show [ _(A)component in the same figure with

par

I1,,(A)component [ ,(A) is multiplied by 20 numerically giving a direct
conformation to the lack of appreciable 7/, (1) component. On the other hand

I, (A) component in figure 5.12(a) is comparable to / , (A) indicating major

par

depolarization in all directions.

The integrated intensity measurements of the SC output with rotation of
the analyzer is shown in Fig 5.13. The output polarization has a maximum along
the direction of the input plane of polarization and we do not observe any rotation
in the plane of polarization. The measurements also indicate that the SC is not

elliptically polarized but gets partially depolarized.

GO0R " T RN 1T B 10 g
@ O along crystal orientation 6 = 450, ¢= 3
= < along c-axis
=. theoritical fit
=
= 4000 - I
N’
~)
=
="
iy
-
© 2000 T
S
)
N
2
]
=
< 0 i
0 90 180 270 360
Y (degrees)

Fig. 5.13: Plot of the analyzer output of the SC generated along different
orientation of the crystal with respect to the rotation of the analyzer.
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The solid curve shown in the figure is a theoretical fit obtained for the
relation, y = A cos’ () + Bcos* (90 —i), where w is the angle of rotation of the

analyzer, A is the intensity parallel to the input plane of polarization and B

represents the depolarized component along the orthogonal direction. For SC
generated along the c-axis we obtained % to be ~ 7:1 when compared to a high

ratio of ~ 595:1 for SC generated along the preferred orientation of the KDP
crystal. Thus, we show that for a non-centrosymmetric crystal the depolarization
of the SC is dependant on the direction of propagation of the fundamental and the

depolarization can be conveniently reduced by choosing a particular direction of

propagation.
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Fig. 5.14: Plot of integrated polarization ratio of the KDP SC at different orientation
with increase in the input power in terms of the critical power (P,,).

Figure 5.14 shows the plot of pin¢ obtained for SC along a particular
direction with increase in input power in comparison to what is already obtained
for the generated SC along the c-axis of the crystal. There was no observable
signal in Iy, position for intensities below 1.2x10'> W/cm? in case of the SCG at

the specified orientation of the crystal, which tells us that the pin at lower
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intensities are much larger than 1800 and that there is no depolarization of SC.
We observe that for input intensity beyond 1.5 x10'* W/em? (i.e., beyond 250P,,
for other media presented earlier) where other media experience the onset of
depolarization, the SC in this case has lesser depolarization. For lower input
intensities we see that the ratio is much higher and comparable to what we

measure for that of the input pulse.
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Fig. 5.15: p(A) for SCG along the preferred crystal orientation for various input powers

p(A) for SC generated at different input intensities is shown in Figure
5.15. We find that even at high input intensities the spectral response of p(A)
remains similar to what is obtained for lower input intensities. Although, we did
not attempt to study the polarization properties for input peak intensity more than
15x10"* W/em?, it is expected to have lower depolarization looking at the trend
of variation of p(A) at higher input intensities. We also performed experiments to
measure the polarization of the output to estimate if there is any rotation of the
input polarization or formation of an elliptical polarization using a broadband

half-wave and quarter-wave plates at the output by replacing the analyzer. Our
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results indicate that the output is still linearly polarized along the input plane of

polarization while a part of it gets unpolarized.

In the discussion from our previous chapter the coherence properties were
established to be well maintained even at higher input powers. The control over
polarization properties of SCG in KDP thus helps with well-defined polarization
properties. Till date the best reported p is 2000:1 for SCG in CaF; achieved at low
input power ~10P,, with single filament generation [18]. Thus, the present results
hold significance with SC being generated at much higher input peak powers and
intensities, allowing intense SC generation with minimum depolarization.
Though as shown earlier in this article BK-7 glass had better p(A) compared to
BaF, and z-cut KDP crystal it fails to match the ratio obtained for SC generated
along the preferred orientation of KDP crystal. Thus, this makes KDP crystal a
better choice of media for generating SC for obtaining best polarization
properties. With its large bandgap ~7.12 eV (174 nm) [31], high damage
threshold, and strong nonlinear behavior allowing the enrichment of spectral
content in blue region by parametric wave-mixing [4], KDP acts as a versatile

candidate for SCG.

5.4 Conclusions:

e In this chapter, we have systematically studied the depolarization properties
of the generated SC in different classes of media namely: (a) BK-7 glass
representing isotropic amorphous condensed media, (b) BaF, isotropic
crystalline condensed media and (c) KDP crystal anisotropic crystalline
condensed media.

e We carried out our work by studying the variation of the polarization ratio
[P(A)] defined as Ipar (A) / Lorn(A) for SC obtained at different input powers
for three media under consideration.

e We find that at low input powers SC generated in BK-7 glass has better

p(A) indicating minimum depolarization when compared to that in BaF, and
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KDP along its c-axis. At high input powers we observe that SC from all
three media undergoes maximum depolarization with low p(A).

As a strategy to obtain better p(A) the intrinsic non-centrosymmetric
property of KDP crystal was used and we observed that p(A) of SCG
depends strongly on the following: (i) the plane of polarization of incident
light, and (ii) the incident plane of the crystal.

Though, one would expect the polarization degradation of SCG at high
input intensities we observed dramatic reduction in the depolarization with
change in orientation of the crystal with respect to c-axis of KDP.

Our results show that the depolarization of SCG is most when generated

along the c-axis.
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Abstract

In this chapter we discuss our experimental results on probing the
enhanced surface third order nonlinearities at dielectric interfaces. We
developed a theoretical formulation of surface Z(S)at a phenomenological level
and explicitly decomposed the contributions of interface as well as bulk effects on
the overall Z(S)of the medium .We made use of non collinear four-wave mixing
(FWM) at air-dielectric interfaces and generated FWM signal from the two
interfaces of a Imm thick fused silica slide with air using two 800 nm, 100 fs
pump pulses in non-collinear pump-probe type geometry to demonstrate our
theoretical assertion. We also observed that there is a maximum peak shift of
~1.5 nm in FWM signals corresponding to the two interfaces of the same silica
slide. Further, we find that the intensity of FWM signal observed at air to silica
interface is less than that from silica to air interface. We elaborate on this

observation with systematic study of FWM with fused silica glass slide.
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Femtosecond four wave mixing at air-
dielectric interfaces

6.1 Introduction

The surface nonlinearity at an interface between two media can be
characterized by an effective local surface nonlinear susceptibility that includes
both the local and non-local responses of the interface layer to the field. We
define the interface layer as follows [1]: In the ideal case where the bulk
structures of the media in the two sides of an interface extend all the way to the
boundary plane, the overall medium experiences only a sudden structural change
at the boundary plane. In real cases, the structure of a medium at a surface
interface is always somewhat different from that of the bulk. The changes usually
occur in a few atomic layers near the surface or interface. An interface layer often
refers to the region where the structural change from the bulk is significant.
Around this region, the optical field along the surface normal changes rapidly
from its macroscopic values on the other side of the interface. It is generally
accepted that the breaking of inversion symmetry at any interface between two
media with inversion symmetry causes structural asymmetry and local field
variation across the surface layer. This gives rise to discontinuity in the normal
component of the electric field and an induced nonlinear polarization containing

high-order nonlinear susceptibility tensors [2, 3].

Good literature is available on the second harmonic generation (SHG) at
the surfaces of different materials [3-7]. It was found that in a medium with
inversion symmetry, the surface contribution to SHG could be comparable with
or dominant over the bulk contribution [2-6]. Numerous applications were based

)

on surface enhancement of second order susceptibility %'~ of a medium as a

powerful and effective diagnostic tool [7]. On the other hand, though third order

nonlinear optical process is allowed in all materials independent of the symmetry

149



Chapter 6 Femtosecond four-wave mixing at interfaces...

property of the medium, the surface third order susceptibilities ' were given

lesser consideration, in particular x® processes like third harmonic generation

(THG). It was concluded from few earlier studies that THG in reflection at metal

and semiconductor surfaces is mostly from the bulk, lacking surface
characteristics [8]. Moreover, since ¥ processes are much weaker requiring

high peak intensities to probe, research groups earlier have overlooked these
weak processes resulting in the negligence of this kind of work. Nevertheless,
with recent advances in ultrafast laser technology that enable attainment of high
peak powers with relatively inexpensive and low-average power lasers, this
particular drawback could easily be overcome. Tsang [9] experimentally
demonstrated using femtosecond laser pulses that the normally weak but electric
dipole allowed THG process can be appreciably strong at an air-dielectric
interface and thus may contain useful surface characteristics. Efficiency of the
THG at interfaces near the focal point of a tightly focused laser beam has led to
numerous applications such as in ultrashort pulse characterizations, microscopy
and third order nonlinear characterization of both absorbing and non-absorbing

media [10]. However, other than THG phenomenon at interfaces, the

manifestation of enhancement of surface third order susceptibilities >, ., is not

observed in any other third order nonlinear processes. In this chapter we

demonstrate the effect of enhanced value ofy, .. compared to y;,, in one of

the most popular third order nonlinear processes, namely Four-wave mixing.

Four-wave mixing (FWM), which is also a consequence of y“ of the

materials, plays a very important role in many applications [11]. Numerous
reports in literature deal with the FWM both in degenerate and non-degenerate
geometry and usually are generated within the bulk of the sample. Here, we have
investigated four wave mixing (FWM) at silica-air interfaces using a
femtosecond laser. A systematic study of FWM is reported for the two interfaces
of a Imm fused silica slide. We made the following observations in the course of

our study: (i) there is a maximum peak shift of 1.5 nm in the FWM spectra from
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air-glass interface; (ii) intensity of the FWM signal at air to silica interface is

weaker compared to FWM signal at silica to air interface.

(3)

6.2 Theoretical formulation of ) ' at surfaces

The interface layer of a medium can be defined more generally as the
region where the structure and the field change significantly. The thickness of an
interface layer is always much smaller than an optical wavelength. As a result,
perturbation calculation can be used to deal with the response of an interface
layer to an applied field. Boundary conditions require that the electric field

components along the interface (X — y) and the displacement current component
along the surface normal (Z) are continuous across the interface layer. The

electric field component E_ along Z, on the other hand, changes rapidly across
the layer. The response of this layer to E_ is therefore expected to be non-local.
Let the field at frequency @, be E(7,m,). We can write, in general, the linear and

third-order nonlinear polarizations arising from the non-local response of a

medium as
PO, @)= [ 2. 0) E(,o)d " (6.1)
P(3)(77,3C{)) . III;?(3)(V,F',r",r"’,3(0)-E(r',a))-E(r”, CO)'E(}"W, a))d3r'd3r"d3r'".

(”)replaced by the bulk value y; which is y;, in

In the bulk, we have y
medium 1 on the z <0 and yg, in medium 2 on thez > 0. In the interface layer,

we have
(6.2)

The macroscopic fields are obtained from the averages of corresponding

microscopic quantities over a macroscopic volume. In the interface layer, both
E_ and P" can vary rapidly on the atomic scale. Consequently, the definition of

a macroscopic quantity depends on the averaging volume. On the other hand,
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regardless of the size of the averaging volume, E_ should change smoothly

across the interface layer from its macroscopic value of the medium 1 to its value

in medium 2 and the surface optical effects generally depend only on the
integrated response of the interface layer to the field that is, jP(")(z)dz integrated

(3)

surface »

across the interface layer. As an example of the manifestation of ¥ we

consider the case of third-harmonic generation process at interface between two

semi-infinite media as shown in figure 6.1.

Bulk T

Z

Fig. 6.1: Geometry of THG from an interface (shadowed region) between the two semi-

infinite media. k,, k,, and k, are the wave vectors for incident, reflected, and

transmitted fundamental waves; K , and K ,are the wave vectors for the waves at

3w in media 1 and 2

We write the wave equation for the third harmonic field in the form

beginning from the Maxwell’s equation as below:

{W(V X)—[%ﬂ 50]15(3@): —47{37”} [ 470 G.7 30)- EF'30)d°F .
+J.;E(3 r

)(17’ a',?",?"’,.’)a)):E(F', (())E(l_’:”, a))E(F’”, Cl))d3l7'd3f”d3]7m:|
Where we assume

& = T+4x[ 70,77, thatis, 2\ (7,7, 0,) = 5, ()~ 1|5 = )47,
with &, =&, inmedium 1 and &, =&, in medium 2.
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Eq. (6.3) is an inhomogeneous second order differential equation and we
consider the Green’s function approach to solve it. The Green’s function

G(F L "’,360) for (6.3) is defined to be the solution of the equation
30| > -
{vx(vx)_[—} :éo]G = o(F - 7)1 (6.4)

The solution of Eq.(6.3) can be written in terms of G . We consider here a system

with translational symmetry in the X — J plane such that

E(F, ) = &(z,w)explik x —iot)
E(73w) = &(z,30)exp(3ik x — 3icwt) (6.5)
P(F,0) = P(”)(z,3a))exp(3ikxx ~3iot)

We then find that

&(z30) = - [ G(z,2' 30)- 4;;[3—“’}2

c
X [[AZ(I)(Z', z",3a))- f(z",3a))x d*z"+ P(3)(z',3a))]dz’ (6.6)
where

P(3)(z,3a)) = J.;Em(z, z',z", Z’")- 5(2', a))f(z i a))(f(z'", a))dz 'dz"dz"

Because of the possible existence of A;((3) (see Eq.(6.2)) and the rapid variation
of £, in the interface layer, P in the interface layer could be significantly

different from that in the bulk. We can decompose f(z,Sa)) into two parts

corresponding to
1. P(3w)in the bulk, and
2. P(3w) in the interface region.
The Green’s function G has a property that G, (z,z’) (forj#z) or

£,(z')G.(z,2') is continuous inz'. Therefore, in the interface layer, G, (z,2')

153



Chapter 6 Femtosecond four-wave mixing at interfaces...

(for j#z) and &,(z')G,(z,z") should assume essentially their values atz' = 0.
Eq.(6.6) can then be written as (for z# 0)
& (230)=—4r(30/c) {Z (0] (3e) + P (3)

j=x,y

(6.7)
+1jn3[go(z’,3a))G z,2') [P (30) +P 3a)]+ ZJ.G z,2') P(3) (z 3a))dz}

J=xX,3,z
It is advantageous to consider the continuous displacement current component

D, related to the z component of the field &(2,30)) which varies rapidly across
the interface layer, through a function s(z,3®) such that
¢.(2,30) = 5(z,30)[ D, (z.30) - 47 PY(z,30)]

And further in (6.7) we have defined the surface polarization Ps(jn) and the

volume polarization PS) as

Bé_‘)(3a)) — .[1 AZ.S')(Z’Z')%:/‘ (z'30)dz'dz Jor j=x,y (6.8)
= [ &' (23017 (z.2'(z' 30)D. (' 30)dz'dz | for j =z, |

P(3 (30) = .[ AZ/klm 2,2,2,2")E (2, )5 (2" (2" )" & & dz,  for j=xy

k,l,m

= ZL A;(j(i),m(z, z,zZ', z”')s(z,3a))§k(z', a))fl (z”, a))fm(z"’, a))dz"'ck”a%'d; for j=z

k,lm
PV§3)(Z,3a)) = '[B Zé?,)-kzm (Z,Z',Z",Z'")fk (Z', a))éjl (Z", a))fm (Z’", a))dz'"dz”dz'

Here L and .L; respectively, denote integrations across the interface layer and

in the bulk. Eq.(6.7) with the help of Eq.(6.8), shows explicitly that the interface
layer contributes to the output TH field through Ps(j) and PS(J ), both of which are

surface polarizations per unit area. Since we are interested only in the field

generated by nonlinear wave-mixing we can neglect the Ps(jl) term and write
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£i(z.30)=—4n(30/c)’| > G;(z0)PY (30)
=Xy
(6.9)
+ hmo[so( 30)G,,(z,2) Z J. i (z,2') VJ 7 30)dz’
z'—
j=X,Y,Z

The above relation Eq.(6.9) demonstrates explicitly the contribution of the
polarization at the interface and in the bulk of the medium to the generation of the
nonlinear field at 3w. Thus even if the observed nonlinear field in the bulk is
found to be negligible, one still has to consider the contribution to the generated
field from the nonlinear polarization at the interface, which can be substantial as

shall be shown later.

We now focus our discussion on the surface nonlinear polarization

Ps(j3)(3o3). The surface nonlinear susceptibility )ZS ) can further be expressed in the

form

Z Z?;)klm (0 ‘0) m(O’a));

.k,

_ égi(oaw), fori=x,y 5
Fi(oja))_{Di(Oaa)),fOI”i=Z

(6.10)

Since both the x and y components of the field £, &, and the

displacement current D, are continuous and can be regarded as constant across
the interface layer. On the other hand, the z component of the field &_(z,3w) is
rapidly  varying across the interface layer. Let us  define
& (2,30) = s(z,0)D,(z,w) with the function s(z,®) incorporating the rapid

variation across the interface layer. Using Eq. 6.8, we find, for 1, j,k =x or y,
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2% = [ ez 2" 2" dzdz 2" "

2% = [ 22 2

P I R N g Y

200 = | x8i(z.2',2",2")s(2")dzdz dz ="
i

r/, Z,”)S(Z”)S( m)dZdZ’dZ"dZm (6 12)

Z>Z:

l\]

20 =[ 2
P j 29z, 2, 2", 2")s(2)s(2" dzdz'dz"dz"
20 = [ 28z 2 2o o
20% = | alz 22, 2)s(2)s(2 sz ez k"

;(S?mz = L szzz (z,z',z”,z’”)s(z,3a))s(z')s(z”)s(z"’)dzdz'dz "dz"

This characterizes fully the overall third-order susceptibility of the

interface layer. The expression for surface nonlinear susceptibility in Eq.(6.12)

contains the usual “local” contribution such as ;(S(?U).k,, which do not depend on the

variation of the electric field, and the “non-local” contribution containing the
function s(z), which depends on the rapid variation of the electric field in the

interface layer. We thus observe that in order to obtain the macroscopic
susceptibility tensor, one needs to integrate across the interface layer, the overall
individual components as shown in the Eq.(6.12). This would entail specification

of ;(l(/i,) (z,z',z",2") at the interface — calculation of which would require the

knowledge of the nonlinear optical properties of the region near the interface at a
molecular level, which is not possible at the present level of description. The
above theoretical results however establish in clear terms the role of surface
nonlinearities on the phenomenon of wave mixing at the interface of two
isotropic media. We now describe our experimental work on a related problem of
general four wave mixing to understand at a phenomenological level the effect of

interface contribution to the overall nonlinear third-order susceptibility tensor.

In our present studies we have made an attempt to demonstrate

experimentally the interface enhancement effects using the surface four wave
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mixing technique. We choose the Four-wave mixing (FWM) arrangement over
the conventional third-harmonic generation as from the phase matching
considerations we can obtain the FWM signal well separated from the input
fundamental fields. In the case of third harmonic generation the generated third
harmonic field would be collinear to the fundamental beam making the separation

experimentally difficult. As will be shown in the section 6.5 we analyze the

observed results based on the contribution to the X(3 ) term from the interface as

well as the bulk.

6.3 Experimental details

In the present study we use two pumps in a simple non-collinear pump-
probe type of arrangement (discussed in section 2.3) and shown in figure 6.2. The
fundamental IR pulses from an amplified Ti: Sapphire laser (Maitai + Spitfire,
Spectra Physics) used in the study are centered at 800 nm having a pulse width of
100 fs and a bandwidth of 13 nm. The two fundamental beams of approximately
equal average power and beam size of 2 mm are focused onto the 1 mm fused
silica slide by a focusing lens of focal length of 100 mm making an angle of 10°
on the sample with respect to each other. The Rayleigh range and the beam waist
of each beam are calculated to be ~2 cm and ~50 pum respectively, in the
Gaussian approximation. The interaction length L, of region of overlap of the
two beams is ~300 um. The choice of the focal length of the lens is such that (1)
there is optimal peak intensity for the generation of FWM signal in the focal
volume, (ii) the interaction region of the two beams is such that the two interfaces
of the silica slide can be distinguished and (iii) that no continuum is generated.
The nomenclature of the two interfaces, followed throughout the report is as
shown in figure 6.2(a): aTs refers to the air to silica interface and sTa refers to the
second interface i.e., silica to air with respect to the propagation of the
fundamental beam. The silica slide is mounted on a translational stage and moved
across the focal position of the converging beams in steps of 30 um from one
interface position to the other through the center of the slide. The FWM spectra is

recorded at each position and analyzed by coupling the beams directly into the
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spectrometer positioned close to the slide. The FWM is detected by coupling the
output into spectrometer (Ocean Optics Inc., model SD2000 with spectral range
of 200—1000 nm) interfaced to a personal computer. All the data presented in this
study are taken with respect to FWM1 beam.

a) Lens T T b)
als sia P1
N
\ / FWM 1
/
I S—

P2

Fused silica slide
—>

Fig. 6.2: (a) Experimental set-up used in the study; (b) Snap-shot of the FWM
observed as blue fluorescence on a paper screen.

6.4 Studies on FWM at interfaces

6.4.1 Preliminary observations

When the two fs pulses overlap temporally and spatially we see the FWM
as two blue spots in between the IR spots as shown figure 6.2(b). We observe the
FWM at input intensities of fundamental pulses (P1 and P2) in the range of 400 —
800 GW/cm” well below the intensities required for the continuum generation
(~1000 GW/cm?) in the fused silica. Figure 6.3(a) shows the FWM spectra
recorded at the two interfaces. Clearly the FWM at aTs has a peak at 267.3 nm
and the FWM signal due to sTa appear at 268.8 nm, a peak shift of ~1.5 nm. The
observed full width at half maximum (AA) of the FWM signal at sTa (AL = 3.8
nm) is found to be broader than the FWM signal at aTs (AL = 2.4 nm). The earlier
reports [14, 15] with similar experimental configuration do not discuss the
surface effects and refer to this observed signal as THG without recording the
spectral content. However we refer to this signal as FWM signal since it
represents the interaction between different wave vectors and frequencies. We did

not observe any FWM signal in the bulk, i.e., at the center of the silica slide for
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the power level used in the study, while we observe FWM only at the two

interfaces.
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Fig. 6.3: (a) FWM peaks as observed at the two interfaces aTs and sTa. The
dashed line is just to guide the eye the scatter of the obtained
experimental FWM data showing the symmetry of the FWM signal

3000 - T - T - T - T
oy ] Air to silica interface
=
& 2000+ 632.8 nm i
@R 1 He-Ne laser
E 1000 - 267.3 nm _
=
=]
P
> 0
= 3000 T T T T T T T T
g | Silica to air interface
& 632.8nm ¢
= 2000 He-Ne laser | }
e d
e

200 300 400 500 600 700
Wavelength (nm)

Fig. 6.3: (b) Spectra recorded with He-Ne laser beam as a reference
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In order to verify that the peak-shift is not an artifact we sent a He-Ne
laser beam as a reference collinear with one of the 800 nm beams and the
scattered beam is recorded along with the FWM signal. As seen in figure 6.3(b),
the peak corresponding to He-Ne laser beam does not show any shift in its
spectrum. Further, in order to avoid the effects of dispersion of fiber, the FWM
signal is directly coupled into the slit of the spectrometer rather than coupling it
through a fiber. As we translate the fused silica slide across the focal point we
observe the following: (i) the FWM signal increases as the aTs approaches the
focus and then decreases as it moves away from the focus; (ii) no observable
signal in the bulk and (iii) the signal increases gradually till sTa and then
decreases as the focal positions moves out of the silica slide. Figure 6.4 shows the
signal strength as a function of the position of the silica slide considering the

center of the slide as the reference point.
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Fig.6.4: The variation of the FWM intensity as the fused silica slide is

moved across the focal spot of the lens.

Clearly, we see that owing to the interaction length of the two beams, the
FWM signal is seen for 300 um about the two interfaces and no signal for 300
pm about the center. The error bars shown in the figure 6.4 are representatives of

the experimental error of 20%, which is reasonable considering the weak signals
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involved. This error is estimated by repeating the experiment as many as three
times. From the figures (6.3a) and (6.4) we draw an important conclusion that the
intensity of the FWM from aTs is weaker compared to FWM from sTa and that
both these signals are several orders larger than the bulk value. We rule out the
reduction in the FWM signal intensity at aTs owing to the material absorption as

fused silica is a high band-gap material and is practically transparent till 190nm.

6.4.2 Spectral studies with position of the slide

Another interesting feature that we observe is the change in spectral
content of the FWM at the two interfaces as we change the position of the focal
point. This is achieved by translating the silica slide with the help of a micro-
positioner, each step being 30 um. Figure 6.5 is a 3D plot of the intensity of the
FWM signal against the slide position. Clearly we find that no signal is generated

at the center of the slide.
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sTa

20 Max =268.8 nm
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400~
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75 T e ide
WaVelength (nm G T Position of the slid
Fig 6.5(a): A 3-D plot showing the FWM spectra at various positions in the silica slide

Figure 6.5(b) is a grey scale image plot of the FWM spectra showing the
spectra plotted as a function of slide position. From this figure one can observe

the peak the overlapping frequencies and the spread of frequencies. At the first
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aTs interface there is a frequency-shift of ~Inm as the focal point enters from the
air into the silica. This can be seen in the lower group of spectral images of
figure, whereas the upper half of the figure shows the spectral content at sTa
interface doesn’t show any change i.e., the spectral content is the same when the
focal point is (1) in the silica bulk close to sTa interface, (2) on the interface, and

(3) in the airclose to sTa interface.

Silica to air
interface

Max = 268.8 nm

BULK no FWM

Air to
Silica
interface

Max =
267.3 nm

Position of the slide (mm)

258 260 262 264 266 268 270 272 274 276

Wavelength (nm)

Fig 6.5(b): The spectra plotted as a 2D plot of spectra vs position of the slide.

6.4.3 Intensity studies of the FWM signal

As mentioned earlier we observed the FWM at input intensities of
fundamental pulses (P1 and P2) in the range of 400 — 800 GW/cm®. Figure 6.6
shows the FWM signals at aTs and sTa interfaces with increase in fundamental
input intensity at the overlap region. Figure 6.7 shows the variation of the peak
strength with input intensity. The FWM signal as usual is found to increase

cubically with increase in the input beam intensity confirming the third order
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nonlinear process [considering the fitting equation: y = ax’]. The error bars

shown the figure are representative of the experimental error of 20%, which is

reasonable considering the weak signal involved.
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Fig 6.6: Plots of FWM spectra with increase in intensity:
(a) at aTs interface; (b) at sTa interface
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Fig 6.7: Plots of FWM peak as a function of input intensity

(a) at aTs interface; (b) at sTa interface
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6.4.4 Delay studies of the FWM signal

Since the experimental conditions demand perfect temporal overlap of the
two input-fundamental beams we observed the reduction of the FWM signal with
increase in the delay between the two overlapping pulses. Also no shift in the
FWM signal peak was observed within the resolution of the spectrometer used. In
the case of FWM signal at aTs interface it is straight forward to visualize but in
the case of signal at sTa interface we need to take the dispersion effects into

consideration as fs pulses may undergo GVD and get stretched temporarily.

Calculation of temporal broadening due to GVD :

From the discussion of GVD calculations in chapter 2 we have the
broadening term B defined as the ratio of the output pulse-width to the input

pulse-width i.e.,

T
B = 0% =1 = Bxr,
T' out m
mn

1
27 2
For a transform-limited guassian pulse: B = {1+|:7.68(k2 X % 2) } , where

k, is the 2™ order dispersion coefficient.

In our experimental conditions:

T, 100 fs

m

k, (fused silica at 800nm) 300 fs°/cm

L (Iength of the sample) 0.1cm
B 1.01
=T 101 fs

out

From the above calculations, we conclude that after passing through the fused
silica slide the temporal broadening due to GVD is negligible and therefore we
expect the resultant of the change in FWM signal at the sTa interface due to the
delay between the overlapping pulses follow the same trend as observed at aTs

interface.
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6.5 Analysis of the experimental observations

3
6.5.1 Enhancement of ®) at interfaces

The most important conclusion from the discussion in section 6.2, is that

there is certain contribution of »© along with the 7>} on the overall nonlinear

polarization field, Thus even if one the overall nonlinear field generated in the
bulk is negligible, one should consider substantial contribution from the field
generated at the interface. Moreover, although the third-order nonlinear
®)of the bulk of a dielectric material is generally smaller than the

@)

susceptibility y

second order nonlinear susceptibility ', the use of high-intensity laser beam

can give a larger induced third-order polarization P(3®) than that of
corresponding second-order polarization P(2m). At an interface, the discontinuity
in the normal component of the electric field gives rise to a large gradient in the
fundamental electric field normal to the surface, leading to a large nonlinear
polarization field. Also at the interface between two non absorbing dielectric
media with inversion symmetry, the third-order surface nonlinear susceptibility

;(f) is always electric dipole allowed while the second order surface nonlinear
susceptibility ;(S(z) is allowed only because of the degeneracy lifted by the lack of

translational symmetry across the interface, which gives ;((2) and intrinsically

s

smaller value. This qualitative argument indicates that the induced third order
polarization field P(30)=y3"E’(®w) can easily exceed P(20)=yE*(0),
thereby enhancing the efficiency of third order nonlinear processes in

transmission from dielectric interfaces even with a moderately intense laser

fundamental.

()

In his experimental work Tsang [9] estimated the value of y ~ at air-

silica glass interface by direct comparison of THG signal strength obtained at air-
glass interface to the THG signal strength obtained in air under identical

experimental condition using the amplified fs pulses. The obtained THG yield at
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the air-glass interface was larger than that of air by ~ 10'>. The THG intensity

depends on the 7" of the medium as follows [3]:
2
1(30) o ‘630);((3) : éwéwéw‘ I’ (o)

(3)

Thus the value of y,” at air-silica glass interface is ~ 10° larger than the

corresponding value of air. Taking the reference 7 of air to be ~10"" esu [12],

3

surface

the y at air-silica glass interface was estimated to be ~10"' esu. The

phenomenon of FWM at interfaces agrees well with the above discussion where

(3)

the third-order nonlinear susceptibility of bulk amorphous fused silica y, ),

(~ 1.4 x 10 esu) [11] is found to be much lower than that at the surface

7% (10" esu).

6.5.2 Analysis for observation of no FWM from bulk:

The coherence length calculated for THG to occur in fused silica from the

) A%
relation /, = %(”m —A)

fundamental at 800 nm and ns, (= 1.499) and n, (= 1.453) are the refractive

is ~ 3um, where A is the wavelength of

3)

indices of fused silica at 267 nm and 800 nm respectively. As x, .. Is three

orders of magnitude larger than y_) and L >>[_, translation of the slide across

the interaction region results in the generation of FWM signal mainly due to

3)

surface

significant contribution of ¥ throughout the interaction region L. When the

interaction region is entirely inside the bulk we observe no signal due to the

effective cancellation of the generated signals as L >>/ and weak signals from

the bulk.

We generated the FWM signals using different focal length lenses (6 to

17cm) to alter the interaction length in the bulk and get odd multiples of the /,
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for the interaction region. We still did not observe any signal in the bulk. If there
is no enhancement in the nonlinearity at the surface, we should have observed
signals while changing the interaction length in the bulk. We therefore conclude
that the signals observed at the surfaces are due to the enhanced surface
nonlinearities arising from the structural discontinuity and local fields caused by

the field discontinuity at the interface.

6.5.3: Analysis for observation of peak shift in FWM:

We can explain the observed peak-shift of FWM through the following
phase matching considerations. As the Rayleigh range is 2 cm, we can consider
the two interacting beams over the interaction region of 300 um as plane waves.
The FWM geometry is shown in figure 6.8, where the pump beams are
represented by the wave vectors k; and k,. The generated phase matched FWM
signals at 2Kk;+ Kk, and k;+ 2k, respectively, appear well separated from the
fundamentals k; and k; at an angle 6. As can be seen the resultant FWM signals
are represented along directions d, and d, with d, pointing radically away from
the center of the FWM pattern represented as a blue disk. The reason for this type

of representation would be elaborated as we discuss further in this section.

Lens

\
/
N\
/
U — P2
Fused silica slide
A

Fig.6.8: Wave-vector representation of the observed FWM.

As seen from the figure, the resultant FWM is calculated by considering
the vector addition of the input fundamental k; and k, taking into the angle of

interaction of the input beams i.e., 10°. We performed these calculations
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following the cosine law of triangles and obtained the resultant FWM magnitude

and direction (0).

To explain the FWM at aTs interface, we consider the input fundamentals
k; and k; to be centered at 800 nm [figure 6.9 dotted curve] the calculated ky+
2k, has a magnitude of 267.5 nm and a calculated value of 0 to be 3.3 Thus we
find that the calculated FWM signal and 0 values are in very good agreement

with the measured FWM signal of 267.3 nm from aTs interface.
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Fig. 6.9: The dotted curve showing spectral profile of IR fundamental used for the
study before focusing into the slide and solid line is the modified spectral
profile of the fundamental while the focus is at sTa interface of the slide

Similarly we recorded the spectrum of the fundamental just when the
focus is at sTa interface. The spectra are shown as solid curve in figure 6.9.
Clearly the spectral profile of fundamental is changed drastically as the pulse
travels through the silica slide with the peak being split into two dominant peaks
centered at 799 nm and 806 nm and a small peak centered at 788 nm. In order to
explain the observed FWM signal the spectrometer slit (25 wm) is scanned across

the FWM signal spots. For the direction which is away from the center of the
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pattern (direction d,) the spectral peak appears at 268.8 nm and when the slit is
moved towards the center of the pattern (direction d, ) the peak appears at 268.0
nm indicating wave mixing of different k-wave vectors of the spectrally
dispersed fundamental beam at the second surface. Figure 6.10 shows the FWM
spectra obtained along the two directions. Following discussion pertains to only
one position of the slit (d;) where 799 nm (k;) mixes with 806 nm (2k,). The data
was found to match exactly for the mixing of 806 nm (k;) and 799 nm (2k;)
leading to 268.0 nm.
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Fig. 6.10: FWM spectra at sTa interface along d, and d , directions

Having explained the observation of the peak-shift of FWM at the two
interfaces we now theoretically simulate the FWM curve obtained at the two
interfaces. In order to arrive at the FWM observed at aTs surface, we have
assumed mixing of 800 nm (k;) and 800 nm (k;) leading to the FWM signal (k;+
2k;) at 267.3 nm with AA~2.6 nm. Since the fundamental spectra gets modified at
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it propagates through the bulk and reaches sTa interface, we deconvoluted the
spectra into individual peaks at 788 nm, as shown in Figure 6.11. Since the
FWM is essentially an intensity dependent process we neglect the small peak at

788 nm and consider only the peaks at 799 nm and 806 nm.
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Fig. 6.11: Deconvolution of fundamental spectra at sTa interface
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Fig. 6.12: Theoretical simulated FWM spectra at the two interfaces. Open circles and
diamonds are the experimental data whereas the solid lines show the
simulated curves for wave-mixing at aTs and sTa interfaces respectively
taking into account the wave-mixing of all the spectral components present in
the fundamental when the spectrometer slit at d;.
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To obtain the theoretically simulated curve for the FWM signal (k;+ 2k;)
at sTa interface, we consider 799 nm (as ki) and 806 nm (as k;) assuming
suitable efficiencies and obtained the FWM signal at 268.9 nm with AA~3.9 nm
for the fundamental beams recorded when the spectrometer slit is in position d; at
799 nm and 806 nm. The simulated curves for FWM at aTs and sTa interfaces

(along d, direction) are shown in figure 6.12. Spectral dispersion in the silica

slide gives rise to a distribution of spectrum along with corresponding wave
vectors. Thus availability of a wide range of wave vectors due to dispersed
spectrum at the second surface is assumed to lead to wave mixing with higher
efficiency at the sTa surface. The values of A\ for the simulated curves are also
in close agreement with the observed FWM signals. A summary of the
experimentally observed and theoretically calculated values of various quantities
is presented in Table 6.1, which are in good agreement. The observed differences

are mainly due to the resolution of the spectrometer.

Table 6.1. Summary of the theoretical predictions for explaining the observed
peak shift of FWM signal at the aTs and sTa

kewn = kg + 2k, 0 AL
Mky)  Mky) AFwM AFwM Theory = Observed  Theory Observed
(nm) (nm)  (nm) (nm) (nm) (nm)
Theory  Observed
aTs 800 800 267.5 267.3 3.3° 3.5° 2.6 24
SslTli‘ 806 799  268.9 268.8 3.4° 3.4° 39 3.8
atdl
i
Ssn? 799 806 2682 268.0 3.5 3.6° 3.0 3.7
atd2

At the beginning of the discussion it was pointed out that the observation
pertaining to FWMI. Similar observations were also obtained with FWM2.
However at sTa the peaks obtained along directions ¢, and d, are reverse of that
obtained for FWMI1. This can be elucidated by considering the following
explanation: along the direction d,, FWMI (k; + 2k;) at 268.8 nm is a resultant

of mixing of one photon of 806 nm (k;) and two photons of 799 nm (k;), this
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implies that in the same experimental conditions in which FWM2 is also
generated simultaneously along with FWMI1, the FWM2 (2k; + ki) would be
because of mixing of two photons of 806 nm (k;) and one photons of 799 nm
(kz), resulting in signal at 268.0 nm. Using the same analysis along the directions

d, we observe FWM?2 at 268.8 nm.

6.5.4 Discussion on the nomenclature of usage of FWM and not THG:

We did not use the word third harmonic generation (THG) to describe the
observation as used by other researchers [13,14], as our results provides a clear
picture of the evolution of frequencies at wave vectors 2k;+k; and 2k;+k; values
which are different from the THG signal. Further we also show in the manuscript
how different wave-vectors mix and give rise to different frequencies in the four
wave mixing (FWM) signal, which is the main aim of this work. The THG peak
of 800 nm should appear at 266.7 nm, whereas the observed peaks are at 267.3
nm and 268.8 to 268.0 nm.

We could have used THG for the case at aTs surface as it involves mixing
of 800 nm (ky) with 800 nm (k;) following the nomenclature of others. The signal
at sTa surface is mainly due to the mixing of 799 nm (k;) with 806 nm (k).
Earlier reports call the observed signal as THG and do not show the spectrum of
the interacting beams. We recorded the spectrum of the fundamental when the
focal point is at the two interfaces of the silica slide. Further the spectrum of the
fundamental beams recorded after passing through the surfaces did not show any
THG as shown by M. Samoc and others. This clearly tells us that it is the FWM
that dominates rather than the THG. Enhancement of the third-order effects at the
surface can come from several distinct sources. For a focused beam one has to
consider the Gouy shift which may lead to effective cancellation of the third-
order effect in the bulk [12] thus, leading to significant THG only at the
interfaces. Since the beams are not tightly focused the Gouy-phase is not
considered in our case and we attribute the signals observed at the surfaces are

due to the enhanced surface nonlinearities arising from the structural
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discontinuity and local fields caused by the field discontinuity at the interface. It
should also be noted here the observed process is different to a cascaded process
involving higher order diffracted fundamental beams, as reported by Liu et al

and Crespo et al. [15]

6.6 Conclusions

e We established that a simple interface between two non absorbing dielectric
media has enhanced third order nonlinearities owing to the break of
symmetry at the interface in the normal direction resulting in a large field

gradient.

e We developed a basic theoretical formulation to demonstrate the there is

certain contribution of #® along with the #©), on the overall nonlinear

polarization field, Thus even if one the overall nonlinear field generated in
the bulk is negligible, one should consider substantial contribution from the

field generated at the interface.

e Through our studies, the enhancement of y at an air-dielectric interface

was demonstrated in this work by employing the four-wave mixing at the
interfaces of a fused silica slide with air in a two beam non-collinear

geometry using 100 fs, 800 nm amplified pulses.

e By recording the FWM spectra at the two interfaces and the center of the
slide we find that there is enhanced FWM at the two interfaces with the
FWM at sTa more intense than aTs and no FWM at the center of the slide.

e More interestingly, owing to the spectral modification of a intense fs pulse
after propagation through a dispersive medium, we observe that there is
maximum peak shift of ~1.5 nm in the FWM generated at the two

interfaces.
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Abstract

In this chapter, we present our results on nonlinear optical properties of 2(3),
9(10), 16(17), 23(24) tetra tert-butyl phthalocyanine and 2(3), 9(10),16(17),
23(24) tetra tert-butyl Zinc phthalocyanine studied using Z-scan technique with
800 nm femtosecond and 532 nm nanosecond pulses. Nonlinear absorption
behavior in both femtosecond and nanosecond domains was studied in detail. We
observed three-photon absorption with femtosecond laser excitation and strong
reverse saturable absorption with nanosecond pulse excitation. We have also
evaluated the sign and magnitude of the third-order nonlinearity. Further, we
carried out investigation of ultrafast nonlinear optical properties including the
time response of studied using degenerate four-wave mixing technique at a
wavelength of 800 nm with 100 fs pulses. We recorded large off-resonant second
hyperpolarizability (y) for these molecules with ultrafast nonlinear optical
response in the femtosecond domain. QOur studies on their figures of merit
indicate these molecules possess enormous potential for photonic switching
applications. The performance of these molecules vis-a-vis other molecules, in

general, and phthalocyanines, in particular, is discussed.
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Multiphoton absorption and
ultrafast nonlinear optical properties of
alkyl phthalocyanines

7.1 Introduction

The high intensities associated with fs pulses can induce profound
changes in the optical properties of a material leading to a nonlinear response of
the real and imaginary parts of polarization. The imaginary part of the nonlinear
polarization is associated, for instance, with multiphoton transitions and will
exhibit a n-photon resonance when two level of an atomic or molecular system
can be connected by n optical quanta. Nonlinear absorption refers to the change
of transmittance of a material as a function of intensity or fluence. At sufficiently
high intensities, the probability of a material absorbing more than one photon
before relaxing to the ground state can be greatly enhanced. As early as 1931,
Goppert-Mayer derived the two-photon transition probability in a system using
the second order quantum perturbation theory [1]. With the availability of high
intensities with fs pulses, in addition to numerous investigations into this
phenomenon of the simultaneous absorption of two photons, multiphoton (>2)
absorption has also been widely studied. Multiphoton absorption processes are
highly promising for a number of processes including optical limiting [2], 3D

microfabrication [3], and optical data storage [4].

Porphyrins and phthalocyanines systems have received particular
attention in the context of multiphoton absorption because of their large =
electron delocalization, flat structure, and high thermal stability with applications
in optical processing devices, practical optical limiters, and biomedical
applications [5-8]. In organic materials three-photon absorption (3PA) typically
occurs at longer wavelengths in the near infrared region (NIR) introducing
advantages including minimization of the scattered light losses and reduction of

undesirable linear absorption. The ramifications of such properties in biological

179



Chapter 7 Multiphoton absorption properties...

and medical applications include maximization of the radiation penetration depth
through tissue, facilitating tumor imaging, and photo-annihilation in the absence
of complicated and risky surgery [7]. Such materials will have a broad impact in
biology and medicine through three-photon induced photodynamic therapy
(PDT) in cancer treatment. Recently novel materials including organic
fluorophores  like  halogenated fluorine molecules, polydiaectylenes,
semiconductor nanoparticles have been investigated for their 3PA properties
using femtosecond (fs) and picosecond pulses in the NIR spectral regions [9-14].
However, we discovered that there are sporadic reports on organic molecules
exhibiting 3PA in the significant wavelength region of 750-850 nm
corresponding to the output of commercially available femtosecond Ti:Sapphire
source routinely used by the researchers for biological applications. One such
report measured two-photon absorption (2PA) spectra of a number of
symmetrically substituted polydiaectylenes in the excitation wavelength region
from Aex = 800 to 1600 nm [9]. Phthalocyanines are versatile because they offer
enormous structural flexibility with the capacity of hosting ~70 different elements
in the central cavity. One of the major drawback with these molecules is majority
of them are insoluble in common solvents. However, incorporation of
substituents at the peripheral and non-peripheral positions has established to
improve the solubility [15]. Recent studies have extracted a large variety of
peripheral substituents for improving the poor solubility of unsubstituted
phthalocyanines. New molecules with high two-photon (2PA) and three-photon
absorption (3PA) cross-sections are interesting for their potential applications in
photonics and biomedical applications [16]. Significant studies on application of
phthalocyanines in PDT [7] have motivated us further to identify materials,
especially phthalocyanine derivatives, with appropriate absorption in the UV
region along with a transmission window in the NIR range contributing to multi-

photon absorption.

Typically, the presence of nonlinear absorption in molecules like
phthalocyanines augments their capability for optical limiting applications while

the presence of nonlinear refraction facilitates all-optical switching applications.
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Though nonlinear optical properties of variety of phthalocyanines have been
investigated till date there are further opportunities and avenues to explore novel
structures with superior figures of merit [17]. It is well established that for a
third-order nonlinear material to be attractive for optical switching applications
the nonlinear response has to be strong (a high value of the effective nonlinear
refractive index n,) and instantaneous time response of the induced refractive-
index change (typical response is expected in the sub-picosecond range) along
with the requirement of minuscule material losses due to one-photon, multi-
photon absorption. Furthermore, scattering losses are to be minimal for any
signal processing devices application [18]. Accurate determination of the merit
factors is imperative for deciding the applicabi