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ABSTRACT

The propagation of an intense laser through transparent materials can only be
understood by considering a wide range of nonlinear effects and their simultaneous
interaction. Electron plasma formation plays a crucial role and is the focus of this work.
The mechanisms of the nonlinear ionization are not well understood. There are two
proposed interactions that contribute to electron plasma formation: photoionization and
avalanche ionization, but the individual contribution of each of these ionization processes
is controversial. Keldysh theory has been proposed as a description of photoionization.
Two models for avalanche ionization are used in the literature, but with different intensity

dependence. We address and resolve these issues.

In this thesis we present a spectrally resolved pump-probe experiment that
directly measures the nonlinear ionization rates and plasma evolution in solid state media.

Both pump and probe are derived from an 800 nm, 120 fs laser. The maximum ionization
rates were obtained in sapphire (~1.9x10" fs™' ‘cm™ ), while in water (~7.2x10" fs™'
‘em™ ), fused silica (~8.6x10" fs™' ‘cm™ ) and methanol (~6.6x10"7 fs™' -cm™ ) the

ionization rates were slightly different.
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Our measured ionization rates are consistently larger that the theoretical rate
given by Keldysh theory, suggesting that this theory does not correctly describe the

photoionization process.

We also present measurements that separate the two excitation processes and identify the
role played by each in the ionization of media. The idea underneath these experiments is
a very simple one: since the two ionization processes have different intensity dependence,
the absorption of light in the medium should differ similarly. Therefore it should be
possible to distinguish the two mechanisms by looking at the energy dependence of the
absorption. From our result we find that avalanche and multiphoton ionization have
varying relative contributions, depending on the band gap. For example, in sapphire
(band gap ~ 9.0 eV) avalanche accounts for 70% whereas in methanol (band gap ~ 6.5

eV) contributes only 15%.

il



ACKNOWLEDGMENTS

Many people stood by me throughout the graduate school years. I am grateful to
each of them.

First, this work could not been done without the support of my adviser, Douglass
Schumacher. He has constantly encouraged and guided me through all these years. His
friendship is something I will always value.

Next, I would like to thank my former lab mates Kenn Bates and Jennifer Tate for
their encouragement and for never-failing to improve my English. Kenn has done an
exceptional job in teaching me, when I first joined the lab, all the details of the project we
worked on. He was always ready to listen to me in difficult times and to talk physics
when I needed it. Thank you for being there. Jennifer and I were, at some point, the only
grad students in the lab. It was she who was there to discuss the every day problems and
make the grad student life a bit more fun. The work in this thesis is based on an
experiment she first studied. Her insight was very useful in understanding some of the
physics behind this thesis. Your help is being appreciated.

I wish to sincerely thank Tom Kelch - who always gave me invaluable help and
advice and Kent Ludwig, in the low temperature shop, - who promptly solved various
technical problems. I would also like to thank Brenda Mellet who went out of her way to

assist and help.

v



Mada, Cristi, Camelia — you have been my support through many days. Your
friendship is deeply appreciated. My good and old friends Diana, Florin, Gabi — I will
never forget our days in Magurele.

Nothing I have done so far in my life would have been possible without the love
of my family. They are far away from here, but always in my heart. Finally, all my love

goes to my husband, Andrei. There is no one like you.



VITA

100 B.S. Physics,
University of Bucharest — Romania

1008 e M.S., Physics
University of Bucharest — Romania

1998-1999 ..ot Research Assistant,
National Institute for Laser, Plasma
and Radiation Physics, Bucharest,
Romania

1999-present ........ouvviiiiiiiiie e Graduate Teaching and Research
Assistant
Physics Department
The Ohio State University

PUBLICATIONS

“Highly perturbed States of Barium in an Electric Field”, K. Bates, C. Vasilescu

(Modoran), J.Masae and D. Schumacher, Phys.Rev.A. 64, 033409 (2001).

FIELD OF STUDY

Major Field: Physics

vi



TABLE OF CONTENTS

Page
ABSTRACT ... il
ACKNOWLEDGMENTS . ..ot v
VT A e s vi
LIST OF TABLES. ... e iX
LIST OF FIGURES . . .. X
CHAPTERS
L. INTRODUCTION. ...ttt 1
2. INTERACTION OF ULTRAFAST LASER PULSES WITH TRANSPARENT
M AT E R AL S . . 5
2.1. Ultrashort Laser Propagation
2,110 INtrodUCHION. ...t 5
2.1.2. Linear Propagation............oouiiiuiiiiiii i e 6
2.1.3. Nonlinear Propagation............cceeceeriieriienieeiienieeiieeeeeieesee e sneeeee e e 8
2.2. Third Order Nonlinear Effects in Centrosymmetric Media............................. 10
22,1, Self-fOCUSING. ...\ttt e 13
2.2.2. Self-phase Modulation.............c.ooiiiiiiiiiiii e, 19
2.3. Nonlinear EXCItation..........cocuivieiiiiienieiiiienceeete sttt 21
2.3.1. PhotolOnIZation. .. ..ueete et 21
2.3.2. Avalanche [onization............ooviuiiniiiiiii e 27
2.4. Plasma Absorption and Defocusing...........ccooeiviiiiiiiiii i 30
2.5. Supercontinuum Generation and Other Nonlinear Effects........................... 32

Vil



2.6. Ultrafast Pulse Laser SyStem..........c.oouiiiiiiiiiiiiiii e 34

. DIRECT MEASURAMENT OF INTENSE FIELD EXCITATION RATES IN

TRANSPARENT MATERIALS. ... 3

3.1 INtrodUCHION. ..t 37
3.2. Pump-probe Technique..........cooviiiiniiiiiii e, 39
3.3. Plasma-Induced Blue Shifting and Excitation Rates...................cccccceeueeneee. 40
3.4. Experimental Apparatus............ cerreeenreennireesneneennn. 41
3.5. Experimental spectra in Sapph1re Water Fused S1l1ca and

Methanol.. .. e 45
3.6. Experrmental Blue Shrfts ................................................................ 55
3.7. Multiphoton lonization Rates...............oooiiiiiiiiiiiiii e, 62
3.8. Electron Densities Determination.............cooeiiiiiiiiiiiiiiiiiiiieeens 68
3.9. Numerical Calculation............cooiuiiiiiiiii e, 71

. IONIZATION MECHANISMS IN THE INTERACTION OF ULTRASHORT

PULSES WITH TRANSPARENT SOLIDS-REVIEW OF THE

FIELD . ..t e e 75
4.1. Introduction.. e et seees 1D
4.2. History of the Freld U PUUUSPUPROUURRRRRRNY |
. NONLINEAR ABSORPTION MECHANISMS.......cooiiiiiiiiiiiieeeee 87
5.1. Introduction.. SO UUUSROURUPROOE . ¥
5.2. Experimental Setup ceeereereeeeneen 38
5.3. Nonlinear Absorption: Mult1ph0ton Exc1tat1on Versus Avalanche
JOMIZAtION. ... et 90

. EASY INTERACTION LENGTH RESOLVED NONLINEAR PROPAGATION

6.1. Introduction.. ..100
6.2. Experimental Setup 102
6.3. Experimental Results - Srgnal Structure Supercontrnuum generatron Threshold
DISTANCE. . ..ottt 106
6.4. Scattered Signal versus Propagation Distance — Measurament of the Filament
Length... e rreesreessveessneesneneeneee 110
6.5. Spectrally Resolved Plasma Srgnal ................................................... 112
. CONCLUSIONS . .. e 118
LIST OF REFERENCES. ... 121

viil



Table 2.1
Table 3.1

Table 3.2
Table 3.3
Table 3.4
Table 3.5

Table 4.1
Table 4.2
Table 4.3

Table 5.1

LIST OF TABLES

Explaination of the Quantities Entering the Keldysh PI Formula. .......... 23
Linear and nonlinear refractive indices of the four dielectrics used in
our experiments. The number of photons needed to cross the band

aPS Vary fTOM 4 10 6. c..oeeeiiieiieecee e e 44
Focal lengths of the lenses due to the Kerr and plasma effects. ............... 61
Comparison between measured and calculated ionization rates.............. .67
Peak electron densities for all four media...........cccceevveeviieniieiciiinieene, .70
Numerical values of the parameters used in the probe spectrum

SIMULALION. ...ttt 73
Summary of the results found in the literature............ccccceeeevveeiveenneeenne. 82
Summary of the results found in the literature............cccceveevenienennennen. .82
Comparison between our experimetal results and results found in the

literature, fOr fUSEd SILICA. ......ccoiiviiiiiiiiiiieei e .85

The multiphoton and avalanche ionization cross-sections calculated
by using numerical values measured experimentally for the ionization
1ates ANd INTENSITIES. . ..eeuiiriiieiieiieeiie ettt .96

X



Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5
Figure 2.6
Figure 2.7
Figure 2.8

Figure 2.9
Figure 2.10

Figure 3.1

Figure 3.2

Figure 3.3

LIST OF FIGURES

The refractive index displays a spatial variation. The peak of the pulse
experiences a larger refractive index than the wings of the profile due
t0 the higher INTENSILY......ccveiiieiieeii et 14
The wavefront of the beam is distorted in a similar fashion to a
focusing lens and the beam creates a lens for itself as it propagates

through the medium. ..........c.cooiiiiiiii e 15
Any beam of finite width suffers from diffraction. The diffraction
angle is wavelength dependent. ............cccccvveeiiiiiiiiecciie e .16

The distribution of the refractive index inside the nonlinear media due
to a flat-top intensity distribution. A ray will remain trapped within
the laser beam if it undergoes total internal reflection at the

boundaries of the tWO TEZIONS. .....cccuvieeiiieiiieeeiie et 17
Self- phase modulation results in generation of new frequencies............ .20
Self-phase modulation results in a linear chirp across the pulse. ............ 21
Multiphoton 10NIZATION. ......eevuieeiieriieeiie ettt et see b e 22

Photoionization rate as given by Keldysh formula (red), tunneling rate
(blue), MPI rate (green) and the Keldysh parameter as a function of

the laser intensity for light at 800 nm and a band gap of 7.5 eV. ............ 26
Avalanche TonIZation ..........ccccueiiieriieeiiieie e 28
Pictures of white light viewed on a card. The pump laser wavelengths

are, from left to right, 600 nm, 700 nm, 800 NM..........ceevereviiereeenieenen. 34

Pump-probe experiment. The pump creates an electron plasma that
changes the refractive index of the media. The index of refraction
leads to some reflection Or SCAtEIING........cceevveerieerieeiieeie e .39
The experimental setup is straightforward. The light was sent into a
Mach-Zender interferometer which split each pulse into two identical
pulses. We discriminated between the two linearly polarized pulses
by rotating the polarization of the probe by 90° . ...........c.coooiveveverciennnn, 43
Scattered probe power as a function of delay between the pump and
the probe pulses. (a) The small delay range measurement allows
estimate of the plasma rising time (b) The larger delay range
measurement shows the plasma lifetime............cccccoeoieiiiniiiniiinenne. 45



Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

Figure 3.15

Sapphire - (a) Spectrum of the forward scattered probe. The data in
this figure has been normalized to the maximum value of the signal in
each run. In this run, the pump had an energy of 4.0 xJ. (b) Contour

plot of the forward scattered probe due to IFE from the pump pulse
for a 3 mm propagation length............cccceeviiiiiiniiniiiiee e 46

Water - (a) Spectrum of the forward scattered probe. The data in this
figure has been normalized to the maximum value of the signal in
each run. In this run, the pump had an energy of 2.5 xJ. (b) Contour

plot of the forward scattered probe due to IFE from the pump pulse
for a 20 mm propagation length............ccoooviiiiiiniiiiiie e, 48
Fused Silica - (a) Spectrum of the forward scattered probe. The data
in this figure has been normalized to the maximum value of the signal
in each run. In this run, the pump had an energy of 4.5 uJ. (b)

Contour plot of the forward scattered probe due to IFE from the pump
pulse for a 3 mm propagation length. .........c.ccccoiiiiiiiiiiiii e 48
Methanol - (a) Spectrum of the forward scattered probe. The data in
this figure has been normalized to the maximum value of the signal in
each run. In this run, the pump had an energy of 2.5 xJ. (b) Contour

plot of the forward scattered probe due to IFE from the pump pulse
for a 20 mm propagation length.............ccooviieiiiniiiiiie e 49
Sapphire-Spectra at selected time delays between the probe and the
pump. The purple colored traces are the results from a 1-D
CAICUIATION. ..t Sl
Water-Spectra at selected time delays between the probe and the
pump. The purple colored traces are the results from a 1-D
CAICULALION. ..ttt e 52
Fused Silica-Spectra at selected time delays between the probe and
the pump. The purple colored traces are the results from a 1-D
CAICUIATION. ..ttt 53
Methanol-Spectra at selected time delays between the probe and the
pump. The purple colored traces are the results from a 1-D
CAICULALION. ..uviiiiiiieieee e e 54
Time-varying blue shifting in sapphire for different thresholds. A
typical threshold variation of about 4.8% results in a 3.7 nm
difference in the peak blue shifting...........cccoecvieeiiiiniiiiie e, 56
The largest blue-shifts (A4 ~75 nm) were obtained in sapphire, while
in water (A4 =28 nm), fused silica (A4 =32 nm) and methanol
(AA =26 nm) the shifts were more modest (A4 = 20 nm). .................... .57
Sapphire/Water-time-varying multiphoton excitation rates. We obtain
them by multiplying the blueshifting value, at each delay, with the
QUANLItY (-2CN /L Ay )eveeeiiiieiinieecieeceeceeee e .65

Fused Silica/Methanol-time-varying multiphoton excitation rates. We
obtain them by multiplying the blueshifting value, at each delay, with
the quantity (-2CN _,, /L Ay )eeoveeieniiiiiieieicceccceecee e .66

xi



Figure 3.16

Figure 3.17
Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 6.1

Figure 6.2
Figure 6.3
Figure 6.4

Figure 6.5

Sapphire - Electron density and the intensity of the scattered probe as
a function of time delay between the pump and the probe. ..................... .69
Time-varying electron densities for all four media...........c.ccooevieniennn. .70
The experimental setup is straightforward. The beam was sent into a
BBO crystal which generated visible light. We sent the pulses
through a sapphire crystal and measured the absorption with a
POWETINICLET. ...eeuvvieeiiieieiteeeiieeeiieeeiteeetteestteesbaeesnbaeesnbaeesnseeennseeennseesnnnes .89
The transmitted energy shows that different mechanisms are at play
for absorption of the light at 590 nm and 800 nm when compared to
the results at 400 NIM. ......ocooiiiiiiii e 91
The nonlinear absorption at 590 nm shows a nonlinear slope of about
2 up to the point where the continuum generation is created and then a
slope of about 0.8 after the white light has been created. ........................ .92
The nonlinear absorption at 800 nm shows a linear slope, followed by
a nonlinear slope of about 3.5 up to the point where the continuum
generation is created and then a slope of about 0.5 after the white light
has been created. ........cooueviiiieiiiiieniie e 93
Sapphire — the red curve shows the electronic density obtained by
taking into account only the contribution of the multiphoton
ionization. The blue curve shows the result obtained by taking into
account both the multiphoton and the avalanche ionization..................... 97
Fused Silica — the red curve shows the electronic density obtained by
taking into account only the contribution of the multiphoton
ionization. The blue curve shows the result obtained by taking into
account both the multiphoton and the avalanche ionization.................... 97
Water — the red curve shows the electronic density obtained by taking
into account only the contribution of the multiphoton ionization. The
blue curve shows the result obtained by taking into account both the
multiphoton and the avalanche ionization. .............cccceeiiiiiiiiiniinene. .98
Methanol — the red curve shows the electronic density obtained by
taking into account only the contribution of the multiphoton
ionization. The blue curve shows the result obtained by taking into
account both the multiphoton and the avalanche ionization..................... .99
The experimental setup is straightforward. A double pulse with
variable delay appropriate for a pump-probe experiment enters the
beamsplitter from above. The two pulses for our work were

distinguished by having orthogonal polarizations. ...........cccccceereeenueennee. 103
Reflected probe light when using a 3 mm path length in sapphire........ 104
The fOUT-WAVE .....iiiiiiiiicieee e 105

The weak probe pulse scatters from the plasma and can be detected in
both the forward and backward directions. The reflected signal is
significantly weaker as it can be seen in this picture for a propagation
distance 0f 2.3 MM ..cceiiiiiiiiiiiee e .106
The prism results were compared to standard optical flat samples at
1.0 and 3.0 mm for sapphire and fused silica and were found to be
SIMIIAT. oottt st 108

xii



Figure 6.6

Figure 6.7

Figure 6.8
Figure 6.9
Figure 6.10
Figure 6.11

Figure 6.12

Threshold behaviours were observed for continuum generation and
IFE for small path length changes (< 50 #m ). If the path length was
indeterminate because of propagation after the hypotenuse, this would
N0t DE the CASE. ...eevieiiiiiiieece e .109
Scattered signal behavior was observed for various path length
changes. The signal increased over roughly 1.8 mm and then it stayed

almost constant up until 2.5 MM. ......ccceieiiiiiiiiee e, A11
Spectrally resolved signal for a propagation distance of 0.5 mm........... 112
Spectrally resolved signal for various propagation distances. ................ 113
Selected spectra from Figure 6.9. The delay for the spectra and the

relative size of the signal are indicated in each graph. ...........ccccccuneee.. 114
Selected spectra from Figure 6.9. The delay for the spectra and the

relative size of the signal are indicated in each graph. ...........cccccuuee... 115

Plasma induced blue shifting for various propagation distances. The
blue shifting increases rapidly over the first 50 g m, stays constant up
until 2 mm and then decreases. .........cooveeiierieeiienie e 116

xiil



CHAPTER 1

INTRODUCTION

When a powerful ultrashort laser pulse propagates through an optical medium,

1

self-focusing ™' and ionization occur and the intensity inside the material is clamped

down to a high but limited value (~ 1.5:10" W/cm? in solids). The spectrum of the pulse

#13) from the near ultraviolet to the

broadens dramatically (supercontinuum generation
near infrared and the pulse emerges as white light. The spectral width depends on the
properties of the media (ionization potential or band gap). These physical phenomena are
universal and they manifest equally in gases, liquids and solids. The properties of
filamentation, nonlinear ionization and self-transformation (that includes other
phenomena such as self-phase modulation and self-steepening) constitute a challenging
topic of research in physics and also have important practical applications. Tightly
focused ultrashort pulses can be used to precisely deposit energy inside the bulk of

: : : 18,19,20,21,22,2 :
transparent materials producing permanent material changes '*'****"*»* at the focus. This

is a feature that cannot be matched by any other technique. Notably, there have been



demonstrated direct writing of optical waveguides® and other optical devices” and the
disruption of sub-cellular structures inside single cells.” The white light, which is one of
the most extraordinary examples of the difference between the interaction of ultrashort,
powerful lasers and normal light with transparent materials, has important practical
applications. The white light is a widely used light source. When a short pulse propagates
in the atmosphere, for example, it can be considered as a lamp in the air. ®® This lamp has

been used to induce absorption of various types of pollutant molecules in the

atmosphere ® . Other applications include optical short pulse generation”, high speed

communications ' and time/frequency metrology. >”

This thesis is concerned with the highly nonlinear interaction between intense
femtosecond lasers and transparent materials and it focuses on nonlinear ionization. In a
transparent material there is no linear absorption of the low energy incident light. If the
laser intensity is high enough, electrons can be promoted from the valence band to the
conduction band of the material by nonlinear processes. Despite extensive research on the
nonlinear ionization mechanisms, much still remains unclear. This thesis proposes an
experimental technique, based on the plasma-induced blue shifting, which separates the
ionization process from all the other competing nonlinear phenomena and allows a real
time and precise measurement of the ionization rates, in a solid, while the laser is
propagating through the material. We use the experimentally measured ionization rates to
identify which ionization process (multiphoton ionization, avalanche ionization or both)
contribute to the generation of free electrons inside the solid. Another simple, absorption
experiment makes possible the separation of the individual contribution of each of the

ionization processes involved. Also, a prism technique experiment allows easy access to
2



directly measuring the length of the light filament and the plasma dynamics. These
processes are precisely monitored in real time over a wide range of path lengths. We find
that the supercontinuum generation, the plasma formation, self-focusing, self-phase
modulation and all the other nonlinear processes involved in the ultrashort laser

propagation require a threshold propagation distance of 50 £ m. We also measured a light

filament of 1.8 mm — 2.0 mm.

This thesis is organized as it follows. Chapter 2 discusses some theoretical
aspects such as the linear and nonlinear propagation of the electromagnetic waves in
materials, self-focusing and self-phase modulation. Nonlinear ionization mechanisms and
a short introduction on Keldysh theory are also presented. Drude plasma model is
introduced in this chapter and the plasma frequency, plasma absorption and plasma
defocusing are discussed. The chapter also includes subsections that make a short review
of the other nonlinear processes involved in the ultrashort laser propagation (white light,
self-steepening, space-time focusing) and of the short pulse laser system. Chapter 3
describes the measurements of the nonlinear ionization rates in four solid state media
(sapphire, fused silica, water and methanol). A pump-probe technique and the concept of
plasma induced blue shifting are introduced. The experimentally measured peak
ionization rates and the peak densities for each material are compared to theoretical
results as given by the Keldysh theory. Chapter 4 is a review of the experiments that
directly or indirectly dealt with the problem of ionization in the field of ultrashort,
powerful laser pulses and discusses the results and conclusions obtained from these
experiments. Chapter 5 addresses a simple absorption experiment that looks at the

nonlinear absorption of light at different colors in a sapphire sample. Multiphoton

3



ionization followed by the avalanche ionization is observed and the relative contribution
of the two processes to the ionization is discussed. Chapter 6 presents a prism technique
that allows a real time monitoring of the plasma dynamics at various propagation
distances. Measurements such as the supercontinuum generation threshold distance,
plasma induced blue shifting and the filament lengths are discussed. Finally, Chapter 7

draws a brief conclusion on the work described in the thesis.



CHAPTER 2

INTERACTION OF ULTRAFAST LASER PULSES WITH

TRANSPARENT MATERIALS

2.1 Ultrashort Laser Propagation

2.1.1 Introduction

Chapter 2 discusses some theoretical background necessary to understand
phenomena described in all subsequent chapters. Processes such as linear and nonlinear
propagation of electromagnetic waves in materials, self-focusing and self-phase
modulation are discussed. Nonlinear ionization mechanisms and a short introduction to
Keldysh theory are also presented. Drude plasma model is introduced in this chapter and
the plasma frequency, plasma absorption and plasma defocusing are discussed. The

chapter ends with two subsections that make a short review of the other nonlinear



processes involved in the ultrashort laser propagation (white light, self-steepening, space-
time focusing) and of the short pulse laser system. SI units are used throughout this work

unless stated otherwise.

2.1.2 Linear Propagation

The interaction of the electromagnetic waves with matter is described by

Maxwell’s equations'

along with the material equations '

Throughout this work we will consider materials with no intrinsic free carriers, no
conductivity and no magnetization. Therefore p, ocand M are taken to be zero.
Combining the four Maxell’s equations and taking into account only the dipole response

of the material, we obtain the wave equation:



VxVxE(r t)+iﬁE(r t) = -1 iP(r )
’ ¢’ ot’ ’ gct ot

In optics it is adequate to consider only the interaction of the material with the electric
field since the effect of the magnetic field is negligible. When the electric field is
significantly less than the field that binds the valence electrons to their ions (typical
atomic fields are of the order of 10° V/cm), the relation between the response of the
media, given by the induced dipole moment or polarization P(r, t), and the electric field
is linear:
P(r,t)=¢, 7" E(r, t)

where 7" is the linear susceptibility tensor. The quantities mathematically described by
tensors will be indicated by the use of the symbol tilde. Both E(r, t) and P(r, t) are
complex quantities. We assume that the response of the material is instantaneous (no
ferroelectric effect). For an isotropic material the linear susceptibility is a scalar quantity

and it is related to the refractive index » of the medium:

n=y1+ 70

The refractive index of any material is not a constant at all but is a function of
frequency. This means that it has different values for propagating waves at different

frequencies. In the most general case the refractive index is:
n=n,+ia.
The real part of the refractive index (n,) is related to dispersion while the imaginary part

(o) describes the absorption. Let’s look at the physical meaning of n, and o by looking



at an electromagnetic wave traveling through a medium with such an index. For
simplicities’ sake, we do it one-dimensional:

E(Z,t) = Eo(z,t)~ expi- (k. z—wt)

(n, +ia)w a)t]

=E0(z,t)-expi-[

= E,(z,t)- exp(— %J : exp[now - a)t) :
c c

The real part of the refractive index gives the factor by which the phase velocity is

reduced in the medium, and the imaginary party shows that the amplitude of the wave is

attenuated exponentially as it propagates.

2.1.3 Nonlinear Propagation

When the electric field of the light is high enough, the interaction between light
and the material can no longer be described through a linear relation. In other words, any
real physical oscillating system exhibits a nonlinear response when it is overdriven. The
polarization must be expanded in terms of sequentially higher order in the field
strength: >**

P=¢, 7" Et+e, 7" EE+5,7" EEE+...

=PU+PP+PV+..

(n)

The quantities ' with n>1 are known as the n-th order nonlinear optical

susceptibilities and P as the #-th order nonlinear polarizations. The tensor nature of

the nonlinear susceptibilities resides in the fact that because of the molecular or lattice
8



structure of materials, the nonlinear response will in general depend on the state of the

polarization of the optical fields.” The above equation is not rigorously correct because it
assumes the response is instantaneous. However, for the case of bound-electronic

nonlinearity this assumption is valid because the response is very fast (the time scale is

femtoseconds).” According to the wave equation, a time-varying polarization can act as a
source of new frequency components in the electric field. Each of the nonlinear

polarization terms gives rise to a series of physical processes. If we propagate two driving
fields E® at frequency @, and E® at frequency @, and assume that the two fields are
linearly polarized, so that 7'* is a scalar, then second-order nonlinear polarization can
have various frequency components: >
POQw)~ 2V E;
P?Qaw,)~ yPE?
P?(w+w,)~2y?E,E,
P?(w-w,)~2 y”E,E;
P@0)~2 y?(E,E;+E,E)).
The first two terms describe second-harmonic generation; the next two terms give rise to
sum-frequency generation and difference-frequency generation, respectively. The last
equation describes optical rectification. However, in order to generate radiation via these
terms using macroscopic media, the input and output fields must be correctly phased or

“phase matched”. For example, assume that the sample has a certain number of atoms

and that each atom develops an electric dipole that oscillates at the frequency 2®,. The

emitted light has a different frequency from the driving field and therefore a different
9



phase velocity. It turns out that a significant transfer of energy from the driving field to
the new wave happens only when the phase velocities are equal. In order to obtain this
condition a birefringent material is angle-tuned or temperature-tuned. >

The number of possible nonlinear terms is even higher for the third-order
nonlinear polarization and they result in different physical phenomena such as the
intensity-dependent refractive index, two-photon resonant absorption, third-harmonic

generation and, more generally, four-wave-mixing.

2.2 Third Order Nonlinear Effects in Centrosymmetric Media

Many crystals, liquids, gases and amorphous solids display inversion symmetry.® In
this thesis we will only be concerned with materials that have this property. They are
referred to as centrosymmetric media. In these materials all the even-order terms from the

polarization expansion vanish, including the second-order nonlinear polarization. For

systems with inversion symmetry we have upon inversion P * —- P® E-—- E,

~(2)

but ¥ — 7. Thus, after inversion we must have:

-P 2) = £, ;?(2) (-E) (_ E) — P(2) )
We see that the above equation can be satisfied only when P ® =0, which means 7'* =

0. In order to simplify the equations we assume that the material is isotropic, which

means that P and E are parallel vectors (and we can drop the vector notation) and

that 7 is a scalar. The total polarization has the form: °
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P= P(l) + P(3)
= 2,7 E+ 5 207V [EIE.

The term involving ' implies that three optical waves interact in order to produce a

fourth one. Therefore a y'” -process is a four-photon process. The third-order

polarization term alone leads to 81 terms corresponding to all possible permutations of
the fields at three different frequencies. This does not mean that there are 81 distinct
processes involved. The 81 permutations are obtained by taking into account different
time ordering of the three different beams distinguished by frequency, wave vector and

polarization. When the system is driven by a single beam, the third-order response

involves only two terms:’
M 3 o 2
P=g,x (a))E+§;( (w)E°E
The intensity of the laser is:

[= = gyen, |E|?

1
2

and the polarization becomes:

P=g, [;(“) +L;((3)I] E

deycn,

=&y Xy E
where y,, is an intensity-dependent effective susceptibility. The index of refraction then

becomes:

11



n= \/; = ,/1+;(e/f

= 1+ +—3 o
4e,cn,

Assuming the nonlinear term to be small compared to the linear one, the index of
refraction becomes:

n=n,+n,l
The term n, is referred to as the nonlinear index of refraction and the phenomenon of a

nonlinear component in the index of refraction is called the Kerr effect. From a classical
viewpoint, the Kerr effect can be understood by using the harmonic/anharmonic oscillator
picture. When the electric field of the light is low the dipole moment induced in the atom
acts as a harmonic oscillator. The dipole moment per unit volume, which is the

polarization of the medium, will oscillate at the same frequency as the driving field
giving rise to the familiar expression of the refractive index n = /1+ 7 . When the

electric field is sufficiently large the electron will see a modified potential and its motion
is analog to that of an anharmonic oscillator. This will give rise not only to a polarization
that oscillates at the same frequency with electric field of the light, but also to a nonlinear
polarization that oscillates with a frequency that is the third harmonic of the original
frequency of the light. This nonlinear polarization is term that gives rise to the intensity
dependence of the refractive index. The nonlinear index of refraction has the following

expression:




The nonlinear refractive index is almost always positive, but there are some media that

exhibit a negative nonlinear refractive index.”” Optical transitions that give rise to the
third-order nonlinear susceptibility are associated with the bound electronic motion,
molecular vibrations or molecular rotations of the system. The electronic transitions
involve the largest energy separation while the rotational ones the smallest. This implies
that the nonlinearities associated with the electronic transitions give the fastest response
time. In large gap materials and for the cases where the energy of the laser photons is
much smaller than the energy of the band gap, the response time can be very fast (<< 10
fs). For most applications the response time can be assumed instantaneous.’ In a given
material (solid, liquid, gas) one or more of these excitations may contribute to the optical
Kerr effect.

The Kerr effect gives rise to self-focusing and self-phase modulation. These
phenomena play an important role in the propagation of ultrashort laser pulses in

transparent materials.
2.2.1 Self-focusing

Self-focusing (SF) arises from the intensity dependence of the refractive index
and it essentially means that an ultrashort pulse creates a lens for itself as it propagates
through a medium. To exemplify the point, assume that a Gaussian laser pulse propagates

through such a nonlinear medium with positiven, :

2 2
425 a2l
T

I(r,ty=1,-e " -e ,
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where I, is the peak intensity and r,,z are full width half maximum in the space and

time domain, respectively.

According to the formula n = n + n, ‘I, the refractive index will also display a

spatial variation, as seen in the Fig. 2.1.

Figure 2.1 The refractive index displays a spatial variation. The peak of
the pulse experiences a larger refractive index than the wings of the profile
due to the higher intensity.

The peak of the beam experiences a larger refractive index than the wings of the profile
due to the higher intensity. Therefore the central part travels at a slower phase velocity
than the edges and the wavefront of the beam is distorted in a similar fashion to a
focusing lens, as depicted in Fig. 2.2. The nonlinear refractive index depends on the
intensity of the light, but not on its frequency. This means that the group velocity of the

light, which depends on frequency derivative of the refractive index, is unaffected and
14



only the phase velocity of the light changes. The group velocity dispersion gives rise to
the modification of the pulse shape. In the case of self-focusing, where only the phase

velocity is modified, there will be no changes in the pulse shape.

Figure 2.2 The wavefront of the beam is distorted in a similar fashion to a
focusing lens and the beam creates a lens for itself as it propagates through
the medium.

In the absence of any other processes the beam would catastrophically collapse. However
there are competing linear and nonlinear processes that prevent this from happening. For
example, any beam of finite width will suffer from diffraction, with the longer waves
diffracting more than the shorter ones. The transverse amplitude distribution of optical
beams from lasers has a Gaussian distribution, as do the propagation modes of some
optical fibers and the cavity modes of Fabry-Perot resonators with spherical mirrors. In

the Gaussian beam approximation the formula for the angular spread (see Fig. 2.3) due to

diffraction is:®
Oy =——
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where A is the wavelength of the light and w, is the minimum half-width of the Gaussian

function describing the amplitude distribution of the electric field.

-—
— -
— s ;I,
—

Figure 2.3 Any beam of finite width suffers from diffraction. The
diffraction angle is wavelength dependent.

Depending on which process dominates (self-focusing or diffraction) a beam with finite
diameter will either diverge, focus further or propagate with a constant diameter. It is
important to note that the power, not the intensity, of the laser beam is crucial in
determining if self-focusing will occur.” When the input power reaches a threshold value
referred to as the critical power, the self-focusing balances diffraction and the beam
propagates with a constant diameter (it forms a filament). However, this is generally true
if the length of the medium is very long. In our experiment, where we use media with
thicknesses of one to several millimeters and the beam needs to have a power which is
several times larger than the critical power in order to self-focus. The filaments propagate

over distances varying from hundreds of meters (in air)’ to several millimeters (in

solids). ' This is the process of self-trapping.’ An approximate formula for the critical

16



power can be derived following the arguments presented in Ref. 3 and Ref. 11. We
assume a flat top intensity distribution. The refractive index inside the medium will

therefore have a distribution as shown in Fig. 2.4:

% /
2w, n=n,+on

Figure 2.4 The distribution of the refractive index inside the nonlinear
media due to a flat-top intensity distribution. A ray will remain trapped
within the laser beam if it undergoes total internal reflection at the
boundaries of the two regions.

The ray shown in the picture above will remain trapped within the laser beam if it
undergoes total internal reflection at the boundary between the two regions. Total internal
reflection occurs if @ is less than the critical angle§, for total internal reflection, which
is given by:

"o
n,+on

cosf, =

Assuming that on is much smaller than n, and therefore 6, is much smaller than unity, the

above equation can be written as
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n,

1
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The critical angle is related to the nonlinear change in the refractive index by

0, = |2
n,

Setting equal the diffraction angle and the critical angle and solving for the critical power
gives:

Ao

~ 4 .
8myn,

crt

A more advanced treatment ' gives the factor of 3.77 instead of 4 in front of the above
ratio.

For the case in which the input power is larger than the critical power a steady-
state theoretical analysis predicts that the pulse will undergo catastrophic collapse.” In
actuality this is prevented because the intensity of the self-focused light becomes so high
that it starts ionizing the medium. The electron plasma contributes a negative refractive
index change that acts like a divergent lens, as it will be explained in the next chapter of

this thesis. The lens defocuses the beam, drops the intensity and thus prevents the
collapse. Typical values for the nonlinear refractive index are of the order of n,~ 107'°
cm’ /W which lead to critical powers of the order of a few megawatts. Dispersion and
other effects that change the pulse shape can also affect the self-focusing of the pulse. For
example, it has been shown that small normal time dispersion delays the onset of self-

focusing and causes the temporal splitting of the pulse into two peaks that continue to

focus.
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2.2.2 Self-phase Modulation

Self-phase modulation (SPM) is due to the temporal dependence of the laser
intensity, and hence the index of refraction, and results in the spectral broadening of the
propagating beam. As in the case of SF, we assume that a Gaussian laser pulse
propagates through a nonlinear medium with a nonlinear refractive index n,. Since the
laser intensity varies in time n, will also have a temporal dependence which produces a
time-dependent phase shift of the pulse. In the slowly-varying envelope approximation,
the electric field of the pulse has the form

E(z,t) = E,(z,0)e'*™™ +c.c
where E(z,t) is the slowly varying envelope of laser pulse. After propagating a distance
L through a material, the pulse acquires a phase ¢
¢=kL— ot

B n(t)cuL_
¢

wt

L
:a)—(no +n,l)—ot.
c

The “instantaneous frequency”, given by the negative of the time derivative of the phase
has the following form:

o¢p _w_nza)La_I

o(t)=——= .
® ot c Ot
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In can clearly be seen from the above formula that new frequencies are generated and that
the instantaneous frequency is red shifted on the leading edge of the pulse and is blue-

shifted on the trailing edge (see Fig 2.5).

—~

Aw blue
A shift

red
shift

Figure 2.5 Self-phase modulation results in generation of new frequencies.

Qualitatively, we can understand SPM in terms of phase velocity. The refractive index is

the largest at the peak of the pulse and thus the phase velocity will be slower in the

middle of the pulse than at the front or back end. This results in a chirp across the pulse

as seen in Fig. 2.6.
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Figure 2.6 Self-phase modulation results in a linear chirp across the pulse.
2.3 Nonlinear Excitation

We have seen so far that if an ultrashort laser pulse, propagating through a transparent
material, has sufficient power it self-phase modulates, self-focuses and forms a filament.
As the pulse self-focuses the intensity of the light increases and it can reach a value such
that significant ionization occurs. For a solid material this means that electrons are
promoted from the valence band (VB) to the conduction band (CB). There are two
important excitation mechanisms: photoionization (PI) and avalanche (collisional)

ionization (AI).
2.3.1 Photoionization

Transparent materials have band gaps (E ) of the order of a few electronvolts.

For example, sapphire has a band gap of ~ 9.0 eV.'* For fused silica and water the BG is

~7.5eV" and for methanol the band gap is ~ 6.2 eV.'® However these values should be

regarded only as an approximate since they vary widely in the literature (£ 2.5 eV). If
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we compare the band gap of the transparent solids to the energy of a single photon 1.5
eV (at 800 nm), we see that multiple photons must be absorbed in order to excite an

electron (see Fig. 2.7).

mha)zEg

C.B.

Eg%90eV

sapphire
hv~1.5eV

Figure 2.7 Multiphoton ionization.

Depending on the intensity and the frequency of the laser light, there are two regimes of
the photoionization: multiphoton ionization (MPI) and tunneling ionization (TI). Keldysh

showed for the first time that these two processes can be described in the framework of

the same theory'”. The photoionization rate per unit volume (inm s~ ) was found to be:
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where the quantities appearing in the above equation are explained in the Table 2.1.

F-the electric field

A -the band gap

y = Ovmh -the Keldysh parameter
el

~ 2 A1+y? 1

A=—A E 5 | -the effective ionization potential
ﬂ y Jl+7

1
dy - complete elliptical integral of the first kind
(=P (I—xiy?)™ ~OTPEEEP ¢

E(x) :j‘gd“l

2.2
* J: ly - complete elliptical integral of the first kind

Ji-y?

K@) =]

Table 2.1Explanation of the Quantities Entering the Keldysh PI Formula.
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Table 2.1 (continued)

Q(]/,X)Z - N XzeXp -7 X
St I 8

7[2(2<x+1> —-2x+ n)

_2K(x/1+1f2 JE[Jlifj

d(z) = I e’ 2‘Zza’y - probability integral

0

TI and MPI have two very different physical pictures and different intensity dependences.
The full Keldysh formula can be approximated to describe one process or another. The

two regimes can be distinguished by looking at the Keldysh parameter, y . If we replace

the electric field with the corresponding intensity, y has the form:

1/2
@ [mcnOgOAj

Y=o\ T

where m is the reduced mass of the electron, ¢, @, I are the velocity, the frequency and

the intensity of light, n, is the refractive index of the material and &, is the permittivity

of the free space.
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For very strong fields and low frequencies such that y is much smaller than 1, the

nonlinear photoionization is a tunneling process. This means that the electric field of the
laser is strong enough to lower the energy barrier sufficient that the bound electron can
tunnel through it during one optical cycle. For high frequencies (but not high enough to

permit single photon transition) and lower intensities such that y is much larger than 1,

the nonlinear ionization is a multiphoton process. That means that an electron is

promoted into the CB by simultaneously absorbing several photons. When y is close to 1
one can think about the nonlinear photoionization as a mixture between TI and MPI. The

MPI rate'*'****"*>% is P(I) = o, 1*, where k is the number of photons required to cross
the band gap and o, is the multiphoton ionization cross-section . It can be seen that the

MPI rate has very strong intensity dependence. The TI rate scales more weakly with the
intensity than the MPI rate. The multiphoton ionization and the tunneling rates are

obtained from the Keldysh formula using the approximations of the PI formula for y >>1

and y << 1, respectively.'’

y ) ) é mA 3/2 chF 5/2><eX _Zml/zAs/z l_lm
tunneling 97?,'2 h h2 ml/2A3/2 p 2 ehF 8 €2F2
- ~~1/2
9 mo 3/2 A 2A
Wupr = 50| —/— D 2{—+1)—— X
27 \_h ho ho

N 22 2 -2 <A+1>

A e’'F e'F he
xexpy2(—+1) 1- 5 X 5

ho dmo°A dmo°A

25



Figure 2.8 shows the PI rate and the Keldysh parameter as a function of the laser intensity

for 4= 800 nm and a band gap of 7.5 eV.

BG=7.5eV

3
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Figure 2.8 Photoionization rate as given by Keldysh formula (red),
tunneling rate (blue), MPI rate (green) and the Keldysh parameter as a
function of the laser intensity for light at 800 nm and a band gap of 7.5 eV.
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It can be seen that MPI, TI and the full photoionization rate formulae agree with each
other only for a Keldysh parameter close to 1. The tunneling ionization rate gives the

same answer as the full formula only for » down to 1 and then overestimates the rate.
The multiphoton ionization rate agrees with the full Keldysh formula for » up to 1 and
then underestimates the rate. It is still not clear if this theory correctly describes the
excitation process in solids for all wavelengths, band gaps and a large range of intensities.
There are research groups that successfully match their data with this theory*>*"* but

there are others that question its validity."*'"" The work described here demonstrates

conclusively that it does not.

2.3.2 Avalanche Ionization

If the intensity of a laser pulse propagating through a transparent material is high
enough an electron can simultaneously absorb several photons and be promoted into the
conduction band. The free electron in the CB can continue to absorb several photons and
when the energy is equal or larger than the band gap of the material the electron can
collisionally ionize another electron from the valence band. The result is two electrons in
the CB, each of which can subsequently ionize more valence band electrons (see Fig.

2.9).
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Figure 2.9 Avalanche Ionization.

Al has different intensity dependence than the MPI rate or the tunneling rate. A widely

18,19,20,21,23

1S Woumae = a1, where a is the avalanche

used formula for the Al rate

ionization cross-section. This formula can be derived using a classical model.” The
equation of motion of the electron, assuming that between collisions with the lattice ions
the electron oscillates with the electric field, is:

X =—eE,exp(—iant).
The average oscillating energy is then

2 2
e E;

U = >
dmo

osc
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The electron’s motion consists of translational and oscillating components. An
elastic collision between the electron and a lattice ion leaves the initial kinetic energy
unchanged (because of the large ration between the electron and lattice ion masses), but
the translational motion changes. The electron has a completely new direction with
respect to the field and the oscillating motion of the electron is built up anew. In

conclusion, the electron acquires an average additional energy of the order of U, .
After the collision the momentum changes by Av and thus the force acting during
the collision is given by <m-A\7/ r> (the angular brackets denote a temporal average).

The equation of motion can be written in the form

) my .
my = ————ekE, exp(-iot),

(),
where <r> , 1s the average time between collisions, which takes into account the direction

between the initial and the final velocities (€). The solution for the above differential
equation is
—ek,
(),

The work done by the electric field per unit time is — e<E . v> . The rate of increase of the

y =

electron energy in the light field is

aw _ fEN ),
dt mll+ o (z),)
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However a dependence of w to the square root of the intensity has been

avalanche

also predicted.  Utilizing changes in the carrier distribution function by magnitude and

momentum scaling of scattering rates as well as taking into account phonon scattering

and thermal effects, K. K. Thornber > derives the following avalanche ionization rate

E E,
Wavalunche (E) = eXp - s
U E(Q+E/E)+E,,

where U, is the effective ionization energy, and E,,,E, and E, are the threshold fields

for carriers to overcome the decelerating effects of thermal (or quasielestic), optical-

phonon, and ionization scattering, respectively.
2.4 Plasma Absorption and Defocusing

When a sinusoidally varying electric field is applied to a material the bound
electrons from the valence band will oscillate at the same frequency as the driving field
but the phase and the amplitude of the oscillation will be determined by the binding and

the damping forces.' The oscillation is described by the following equation of motion:

d*x dx it
> e,
dt

m

In the above equation m is the mass of the electron and E,, ware the amplitude and the

frequency of the applied field. The first term on the left hand side of the equation
contains two terms: a term that describes the velocity-dependent damping force and the
driving force applied to the electron. The solution of the inhomogeneous second-order

differential equation has the form
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—iot eEO —iot
x=xe " =—a——
m(o” +il o)
The oscillatory motion gives rise to a dipole moment p(¢) = —ex(¢) . For a sample with N

free electrons the total polarization is:

Ne’E,
m(e”® + il w)

—iot

P(t) =—Nex =—

=&y X E(t)

The contribution of the electrons to the dielectric constant & =1+ y_ has the form:

Ne*

s(w)=1-
(@) me,(0° +il )

=&'(w)+ie"(w).

If the damping is negligible I << @ the imaginary part of the free electron contribution

vanishes and the real part becomes

2
Ne*
&'(w)=1-——=1-—= with
me,o @
Ne*
@ =
" me,

The quantity , is referred to as the plasma frequency. The refractive index of the free

electrons or plasma is n =,/1— a)f, /@* . It can be seen that for frequencies larger than the

plasma frequency the dielectric constant becomes negative and the refractive index is
purely imaginary. Thus the electromagnetic wave does not penetrate the plasma and most
of the light is reflected. When the light frequency is above the plasma frequency the

electromagnetic waves propagate through the medium and for very high frequencies the
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material becomes transparent. For intrinsic semiconductors, for example, the plasma

frequency lies in the microwave or infrared part of the electromagnetic spectrum. °

The free electrons contribute negatively to the refractive index of the media.
26:21.282% Plasma action is equivalent to that of a negative lens and thus the laser beam is
defocused as it will be explained in the Chapter 3 of this thesis. The effect of the plasma
besides absorbing energy from the light is therefore to stop the self-focusing and prevent

the catastrophic collapse of the beam.

2.5 Supercontinuum Generation and Other Nonlinear Effects

When an intense short pulse laser propagates through a transparent material it
strongly perturbs or modifies the properties of the material. We have seen that a usually
transparent material absorbs light with photon frequencies much smaller than the band
gap and that the refractive index of the material becomes intensity dependent. The light
changes the medium but the medium also changes the light. We have seen that a nearly
monochromatic light pulse experiences a broadening of its spectrum as it propagates
through the sample (SPM). Besides the self-focusing and SPM there are other nonlinear
effects taking place: self-steepening, space-time focusing or stimulating Raman scattering
(SRS).™

Self-steepening is a consequence of the intensity dependence of the refractive
index. Whereas the intensity dependence of the phase velocity gives rise to SPM, the
intensity dependence of the group velocity results in self-steepening. The peak of the

pulse envelope has a smaller group velocity than the wings according to
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Thus the peak of the envelope falls away from the leading edge and into the trailing edge,
giving rise to a steep edge at the back of the pulse. Physically this can result in more
blue-shifted than red-shifted frequencies being generated. This happens because the blue-
shifted frequencies, as we have seen in the description of self-phase modulation, are
generated in the trailing edge.

If the blue frequencies are generated more towards the back of the pulse, then the
leading and the trailing edges of the pulse will diffract differently. This is basically the
phenomenon of space-time focusing and results in an increase of the intensity at the back
of the pulse which in turn gives rise to more blue-broadening.

Raman scattering is the result of the interaction of the light with the vibrational
modes of the molecules in a sample and it can be regarded as light scattering from optical
and acoustic phonons.’ The scattered light contains frequencies different from the
original light frequency. The components having frequencies lower than the driving one
are referred to as Stokes components. Those with the frequencies larger than that of the
excitation are named anti-Stokes components. The Stokes components are typically order
of magnitudes more intense than the anti-Stokes ones.” One consequence of Raman
scattering is obviously spectral broadening.

All the linear and nonlinear processes mentioned in this chapter compete and
together give rise to one of the most interesting phenomenon in nonlinear optics, namely

supercontinuum generation. SCG (see Fig. 2.10) is the dramatic spectral broadening (for
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example, from 300 nm to 4500 nm** bandwidth) of a powerful laser pulse propagating

through a nonlinear medium (solids, liquids, gases).

Figure 2.10 Pictures of white light viewed on a card. The pump laser
wavelengths are, from left to right, 600 nm, 700 nm, 800 nm.

It was first observed by Alfano and Shapiro’' in 1970 and since then it has been

extensively studied. The spectral broadening (Aw) of the SCG follows a few rules of

thumb:
e Aw increases as the pulse width decreases;’
e Aw increases as the frequency of the driving light decreases; >’

e Aw varies proportionally to the band gap of the material. >

2.6  Ultrashort Pulse Laser System

Ultrafast lasers, which generate pulses in the femtosecond range, have advanced

greatly in recent years. Currently the shortest pulse duration is around 5 fs**, average
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powers reach 60 W?°and pulse repetition rates can be as high as 100 GHz**. The

technique that makes possible the generation of ultrashort pulses from lasers is referred to

as modelocking.” There are two kinds of modelocking, active and passive, but the
passive modelocking produces the shortest pulses.

In general, for a laser to produce short pulses, a couple of conditions must be
fulfilled.”® The laser must have a broadband gain medium and a large spectral emission
since a large spectrum corresponds to a short pulse in the time domain. For Ti:sapphire
lasers, which are the best for ultrashort pulse generation, the fluorescence has a
bandwidth of almost 200. The large number of frequencies propagates with different
group velocities in optics and therefore there must be a method to control the dispersion.

Typically, a pair of prisms is used to compensate for the dispersion in the cavity>

although chirped mirrors® (with better results) have also been used. We are talking here
about pulsed lasers and therefore there must be an element that makes the laser run in the
pulsed regime. The amplitude of the laser is modulated by using a saturable absorber *'
that introduces intensity-dependent losses for the intracavity laser radiation. The optical
Kerr effect, described previously in this chapter, can play the role of a saturable absorber.
The peak of the pulse, with the highest intensity, has a smaller loss (saturates the gain of
the medium more strongly) than the low-intensity wings. This effect, in combination with
a “hard” or “soft” aperture (the pump itself) gives rise to very short pulses.

Modelocked lasers output very short pulses, but they usually have low energies,
of the order of nanojoules. In order to obtain considerable more energy, as is desired for
many applications, the short pulses need to be amplified. This is not a simple task since

as the energy of the pulse increases all the nonlinear processes described in this chapter
35



come into play resulting in distortion of the pulse. Another effect is that undesired
damage to the optical components can happen due to the absorption of the light into
them. A method has been designed to avoid these problems and it is referred to as chirp
pulse amplification (CPA).*

Essentially the method consists in stretching out in time the short pulses coming
out of the oscillator, amplify them and recompress them back to a short pulse. By
amplifying a longer pulse, all the undesired effects mentioned above are avoided. The
stretching/recompressing of the pulse is achieved by using a pair of antiparallel/parallel
gratings that cause the redder frequency components to travel a larger/shorter pathlength.
The amplification is obtained by switching selected pulses in and out of a second laser
cavity (regenerative amplification).

The work in this thesis was done by using a CPA-based laser system that outputs

pulses with duration of 60-70 fs (FWHM), energy of 1.2 mJ at a repetition rate of 1 kHz.
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CHAPTER 3

DIRECT MEASURAMENT OF INTENSE FIELD IONIZATION

RATES IN TRANSPARENT MATERIALS

3.1 Introduction

This chapter describes an experimental method based on plasma-induced blue-
shifting that allows direct, time-resolved measurement of the electron excitation rate in
transparent solids. The basic underlying idea has been used in gases>”* before but this is
the first time to our knowledge when it has been employed in studying solids.

W. M. Wood and co-workers (Ref. 27) showed, for the first time that during the
photoionization in high pressure gasses spectral blueshifting constitutes an alternative
diagnostic to ion-yield and photoelectron spectroscopy. These techniques can no longer
be used to monitor the atomic ionization dynamics since ionization via electron impact
and collective effects begin to play a significant role. They showed that the blueshifting

technique is suitable to femtosecond time-resolved pump-probe measurements and
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provides information on the temporal dependence of the ionization rate within the
ionizing pulse. The experiments were performed in atmospheric density nitrogen and
most of the noble gases (He, Ne, Ar, Kr, Xe).

S. P. Le Blanc and R. Sauerbrey (Ref. 28) also studied the spectral, temporal and
spatial characteristics of the plasma-induced spectral blue-shifting in atmospheric-density
rare gases by a two-color, pump-probe technique. They showed that the blue-shifted
spectra had an oscillatory-like structure, attributed to interference effects between
frequency components occurring at different times in the laser pulse. Spectral shifts as
large as 2 nm were observed.

For this work we used a pump-probe technique to measure the plasma-induced
blue-shifting in four transparent solids (sapphire, fused silica, water, and methanol) with
various band gaps and different nonlinear refractive indices. We observed considerably
larger blueshifts (~ 75 nm, in sapphire) and directly determine the excitation rates and
calculated the peak excitation densities in these solids. The importance of our study
resides in the fact that despite a long history and numerous studies related to material

13,22,46 . :
224 and supercontinuum generation, >'**" the

processing, * "% laser propagation
excitation mechanisms in solids are yet to be well understood and even less quantified.
Moreover, given the multitude of experimental techniques and the various experimental
conditions employed, the results and the interpretations vary widely among different
research groups as will be described in detail later. We will see that theoretical

17,25

models also yield results which range from several orders of magnitude difference to

complete agreement.
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3.2  Pump-probe Technique

The dynamics of ultrashort laser-excited plasmas cannot be studied using
conventional time-resolved apparatus such as a streak camera or fast photodiode because
of the short duration of the pulse. As a consequence, pump-probe optical techniques are
used. These techniques have been widely employed in the study of solid state

materials, ® molecular reactions and dynamics, ** plasma physics * and material damage

studies.

In general a powerful laser pulse, the pump, is used to perturb the sample. A
second much weaker pulse, the probe, is used to measure the changes induced by the
pump. The probe is variably delayed with respect to the pump and its transmission,
reflectivity or phase shift is measured at these delays, resulting in a time-resolved
measurement (Fig. 3.1). The time resolution is given by the probe pulse width in most

cascs.

Figure 3.1 Pump-probe experiment. The pump creates an electron plasma
that changes the refractive index of the media. The index of refraction
leads to some reflection or scattering.
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In our case a short, intense laser pulse excites electrons from the valence to the
conduction band of a transparent material. This results in a change in the refractive index
of the sample. From a strictly classical point of view the change in the index of refraction

leads to some reflection or scattering. We collect the scattered light and measure the

intensity’' or spectrum.

3.3 Plasma-Induced Blue Shifting and Excitation Rates

When an intense short pulse propagates through a transparent material, it
undergoes a wide range of competing linear and nonlinear processes, among them self-
focusing and filamentation. If filamentation occurs, the intensity of the light is greatly
increased and the ionization will occur. The conduction electrons generated in the process

change the refractive index of the medium proportional to their time-varying density:

N (t) 1/2
n(t)=|n, ——= )
NCI‘[
ggm, @,
where N, and N, =—2—<—"— are the electron density and the critical density
e

respectively, and n, and n(¢) are the refractive index of the unperturbed and perturbed

medium. A second, much weaker pulse (the probe), copropagating through the material
will encounter this time-varying refractive index of refraction, and therefore its phase will

be modulated according to:



where A, and L are the carrier wavelength of the probe and the interaction length

respectively. The phase modulation gives rise to a spectral modification:

Aa)(t)——@— L dN,
da A,N,, dt

crt
where Aw is the shift with respect to the original carrier frequency in the spectrum of the
probe. The probe spectrum blue shifts (Aw > 0) when the electron density increases

(dN,/dt>0). In fact, the blue shifting is a direct measure of the ionization rate, up to

some constants. Note also that unless the probe pulse encounters a time-varying

electronic density its spectrum will remain unshifted: Ao =0.

34  Experimental Apparatus

Our experimental apparatus was straightforward and is shown in Fig. 3.2. The100
fs, nearly transform-limited light came from a Ti:sapphire based CPA laser system
operating at a repetition rate of 1 kHz and wavelength of 800 nm. The light was sent into
a Mach-Zender interferometer which split each pulse into two identical pulses. We

discriminated between the two linearly polarized pulses by rotating the polarization of the

probe by 90°. The probe is attenuated and then delayed with respect to the pump by
using a computer controlled delay line. The delay line consisted of two mirrors placed on
a linear translation stage which was controlled by a Melles Griot Nanomotion II
Micropositioner (nanomover). The nanomover had a travel line of 25 mm and a
resolution of 10 nm. The probe and the pump were focused by a 100 mm lens into a 1

mm or 3 mm sapphire or fused silica substrate or into a 20 mm glass cell filled with water
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or methanol. The sapphire substrate had a device grade polish and its ¢ axis was
perpendicular to its surface. The delay time is defined as being negative when the probe
pulse precedes the pump. At positive delays the probe comes after the pump. The probe
interacts with the plasma and is scattered, its amplitude being proportional to the size and
the density of the sampled plasma. In our experiments we measure the spectrum of the
scattered light, on each laser shot, with a Thermo Jarrel Ash MonoSpec 18 spectrometer.

The spectrometer had a 50 £ m input slit and a 156 mm focal length. The output slit was

replaced with a CCD line camera from Unidata, Inc. The spectral bandwidth of the
system was 90 nm with a resolution of 1 nm. The forward or backward scattered signal
was sent into a Glan-Thompson polarizer to separate the probe pulse from the cross-
polarized pump pulse. The main source of noise in the detection system came from the
pump: depolarized pump light and white light leaked through the polarizer. However, the
scattered light had slightly different angular distribution than the noise. Therefore it was
possible to steer the beam in such a way that only the scattered light was correctly going
into the detector and gave rise to a signal. An experimental run consisted in measuring

the scattered light spectrum while changing the time delay between the two pulses.
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Figure 3.2 The experimental setup is straightforward. The light was sent
into a Mach-Zender interferometer which split each pulse into two
identical pulses. We discriminated between the two linearly polarized
pulses by rotating the polarization of the probe by 90°.
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Experiments were performed in four dielectrics with different band gaps (see
Table 3.1): sapphire (9.0 eV), water (7.5 eV), fused silica (7.5 eV) and methanol (6.5
eV). It is worth noting that the values for the band gaps vary widely in the literature. For
water, for example, one can find band gap values from 6.5 eV>* to 9.0eV ™. For fused
silica there were used values from 7.1 eV to 9.0 eV."® Methanol and sapphire are less
studied materials and there are only few references to their band gaps. For all materials

we chose the values that have been most frequently used throughout the literature.

Material Sapphire | Water | Fused Silica | Methanol
Band Gap (eV) 9.0 7.5 7.5 6.5
Refractive Index n, 1.70 1.33 1.45 1.33

Nonlinear Refractive Index 7, (cm”/W) | 3:107"° | 1-107* | 3-107'¢ 1-107'°

Number of photons to cross band gap 6 5 5 4

Table 3.1 Linear and nonlinear refractive indices of the four dielectrics
used in our experiments. The number of photons needed to cross the band
gaps vary from 4 to 6.
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3.5 Experimental Spectra in Sapphire, Water, Fused Silica and

Methanol

Typical results, showing the spectrally integrated signal as a function of delay
from 3 mm thick sapphire crystal are shown in Figure 3.3. The reflected probe is
proportional to the plasma size and density in the medium. Negative delays times indicate
that the probe pulse entered the sample before the pump pulse and therefore propagated
unmodified. Positive delays indicate that the probe pulse entered the crystal after the

pump pulse and encounter the electron plasma.

~ 1 - o
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Figure 3.3 Scattered probe power as a function of delay between the pump
and the probe pulses. (a) The small delay range measurement allows
estimate of the plasma rising time (b) The larger delay range measurement
shows the plasma lifetime.
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The most noticeable feature in the above pictures is the spike at zero delay. This is
not a plasma effect, but is due to four-wave mixing between the pump and probe and
provides a convenient zero-delay marker. The four-wave mixing signal and the plasma
reflected probe have different angular distributions so they can be separated if desired.
Underneath the four wave mixing peak there is a true plasma signal with a rising time of
the order of 300 fs. Figure 3.3 (b) shows the plasma decay, which is exponential. This
picture shows that plasma is present out to delays as large as 150 ps. A more detailed
analysis of these results will be presented in Chapter 6 of this thesis.

Sample results of spectrally resolved signal in sapphire are shown in Figures 3.4

(a) and (b).

1000

e

1000  Delay (fs)

900 Wavelength (nm) 760

Figure 3.4 Sapphire-(a) Spectrum of the forward scattered probe. The data
in this figure has been normalized to the maximum value of the signal in
each run. In this run, the pump had an energy of 4.0 «J. (b) Contour plot
of the forward scattered probe due to IFE from the pump pulse for a 3 mm
propagation length.
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The data in these figures have been normalized to the maxim value of the signal

in each run. In this runs, the pump had an energy of 4.0 xJ. This is the energy at which,

under our experimental conditions, the white light was perfectly stable. When the probe
enters the sample well before the pump, the plasma has not been created yet and
therefore, there is no scattered probe, as it can be seen at negative delays. As the probe is
brought closer to the pump and starts sampling plasma created on the pump’s leading
edge, we detect a signal with small amplitude, but with a clearly modified spectrum,
shifted towards smaller wavelengths. As the probe and the pump overlap more in time,
the amplitude of the scattered light increases reaches a maximum and then decreases, all
in about 300 fs. At positive delays there is always a signal, but the spectrum is shifted

back to 800 nm, since the probe does not encounters a time varying electron density, but

rather a very slowly decaying plasma (~ 150 ps decay time)”'. At positive delays, where
the spectrum is shifted back to the original shape, the amplitude remains smaller, though,
because of the absorption of the plasma generated by the pump pulse.

Typical results of spectrally resolved signal in water, fused silica and methanol

are shown in Figures 3.5 (a) and (b), 3.6 (a) and (b), 3.7 (a) and (b).
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Figure 3.5 Water-(a) Spectrum of the forward scattered probe. The data in
this figure has been normalized to the maximum value of the signal in
each run. In this run, the pump had an energy of 2.5 uJ. (b) Contour plot

of the forward scattered probe due to IFE from the pump pulse for a 20

mm propagation length.
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Figure 3.6 Fused Silica-(a) Spectrum of the forward scattered probe. The
data in this figure has been normalized to the maximum value of the signal
in each run. In this run, the pump had an energy of 4.5 xJ. (b) Contour

plot of the forward scattered probe due to IFE from the pump pulse for a 3

mm propagation length.
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Figure 3.7 Methanol-(a) Spectrum of the forward scattered probe. The data
in this figure has been normalized to the maximum value of the signal in
each run. In this run, the pump had an energy of 2.5 uJ. (b) Contour plot

of the forward scattered probe due to IFE from the pump pulse for a 20
mm propagation length.

The data in the above figures have been normalized to the maximum value of the

signal in each run. In these runs, the pump had an energy of 4.5 xJ (fused silica) and 2.5
uJ (water and methanol). These pump energies gave rise, in each case, to a stable

supercontinuum generation. In fact, for all of our runs the experimental conditions were
such that the pump drove a stable supercontinuum generation (SCG). There was no
apparent damage to the sapphire or fused silica samples.

It is well known> that when the laser power is much higher than the critical
power for self-focusing, multiple filaments will be generated. The process of
multifilamentation is due to the intensity perturbations across the wavefront, such as the
imperfections in the initial beam. Also refractive index fluctuations are sources of

perturbation and will easily induce the formation of multiple filaments. It has been
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observed™ that, during propagation, filaments can dynamically interfere with each other.
There are also studies that advocate for the deterministic nature” of femtosecond

multiple filamentation. It is shown ™ that this process can be controlled in several ways,
even if noise in the input beam modifies the initial growth of the filaments. The
multifilamentation patterns are organized by acting on the distribution of either the
intensity or the phase of the input beam. The number, the position, and the subsequent
evolution of femtosecond multiple filaments can be controlled by reshaping the initial
beam profile.

A couple of spectra at selected time delays between the probe and the pump are
shown below (Fig. 3.8, Fig. 3.9, Fig. 3.10 and Fig. 3.11). The data in these figures have

been scaled to have a maxim value of one.
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Figure 3.8 Sapphire-Spectra at selected time delays between the probe and
the pump. The purple colored traces are the results from a 1-D calculation.
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Figure 3.9 Water-Spectra at selected time delays between the probe and
the pump. The purple colored traces are the results from a 1-D calculation.
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Figure 3.10 Fused Silica-Spectra at selected time delays between the probe
and the pump. The purple colored traces are the results from a 1-D
calculation.
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Figure 3.11 Methanol-Spectra at selected time delays between the probe
and the pump. The purple colored traces are the results from a 1-D
calculation.

Along with the experimental data we also present the results from a 1-D

calculation. The simulation will be discussed at the end of this chapter.
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3.6 Experimental Blue Shifts

The blue shifted spectra are basically determined by the strength of self-focusing
in each material, the effect of the plasma defocusing and the band gap of the material. In
our experiment we show that the time-delayed probe spectra provide a quantitative
measure of the amount of plasma blue shifting and it is directly related to the electronic
excitation rate.

We obtain the “peak blue shift” for each material by looking at the difference
between the shortest wavelength and the probe carrier wavelength. The shortest
wavelength is defined as being the wavelength of the scattered radiation whose spectral
intensity is just above the background. The threshold differs from material to material and
from run to run but it is always around 7% to 9% from the absolute maximum spectral
intensity in each run. The peak value of the blueshifts thus obtained varies as a function
of the threshold, but not significantly. Consider, for example, figure 3.12 that shows the

time-varying blue shifting in sapphire for different thresholds.
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Figure 3.12 Time-varying blue shifting in sapphire for different thresholds. A
typical threshold variation of about 4.8% results in a 3.7 nm difference in the peak
blue shifting.

A typical threshold variation of about 4.8% results in a 3.7 nm difference in the peak blue

shifting, which is about 4.8%. Sample results are shown in figure 3.13.
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Figure 3.13 The largest blue-shifts (A4 =75 nm) were obtained in sapphire, while
in water (A4 ~28 nm), fused silica (A4 =32 nm) and methanol (A4 ~26 nm) the
shifts were more modest (A4 = 20 nm).

The maximum blue-shifts were obtained in sapphire (A4, ~ 75 nm), while in water
(AA,,.~ 28 nm), fused silica (A4, .~ 32 nm) and methanol (A4 _, ~ 26 nm) the shifts
were more modest. A possible explanation could be that ionization occurs less readily in
sapphire.

Self-focusing in water (the nonlinear refractive index n,~ 107" cm?’/W)> is

larger than that in sapphire (7,~ 3-107'° cm?®/W).™ As a consequence, the intensities

achieved in water could be larger and that translates into a larger number of electrons.
Also it is easier to create electrons in water than in sapphire, since the band gap of the
former is lower by about 1.5 eV. A large amount of plasma could easily cause the pump

to defocus, drop the intensity, lower the ionization rate and therefore cause smaller blue
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shifts. Fused silica (n,~ 2.5-107'° ¢m”/W)*" and methanol (n,~ 107 cm?/W)>* are
nonlinear indices comparable to the nonlinear index of sapphire. However it is still easier
to ionize fused silica and methanol than it is to ionize sapphire. In this case although the
strength of the self-focusing is the same, a larger amount of plasma is created in the
materials with smaller band gaps and the above arguments still holds.™ This has been
observed in the literature. We checked this hypothesis by making the following analysis.
We have seen that when a short pulse propagates through a medium, the refractive
index of the medium can change according to the formula n(t) = n, + n,/ and the pulse
creates a convergent lens for itself (Kerr effect). The free electrons generated by the
intense field excitation also create a lens, but in this case a divergent one. We calculated
the strengths of the convergent and the divergent lens, respectively, seen by the light and
due to the Kerr and plasma effect by following Yariv’s® treatment for lenslike media.
According to Yariv, the complex field amplitude of the incident optical field

E, (x,y)immediately to the right of an ideal thin lens can be related to the complex field

amplitude E, (x,y) immediately to the left by

2 2
Ey(x,y)=E, (x,y>exp(+ ik~ ;fy j

where f is the focal length and k =2-7-n/A(A is the vacuum wavelength). The effect

of the thin lens is to introduce a phase shift k(x* +y°)/2f that increases quadratically

with the distance from the axis. A similar phase shift is introduced by a medium whose

index of refraction varies according to
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n(x,y) = no{l —]Z—z(x2 + yz)}

1
where k, is a constant. If k&, >0 (k, <0) the medium behaves like a convergent

(divergent) lens. The behavior of a paraxial ray propagating through an optically

inhomogeneous medium is described by the following differential equation
2
d—: + k—2 r=0.
dz k,

A o
This equation has a solution r(z)=C,-e'" +C,-e '™ . Assuming that at the input
plane z = 0 the ray has a radius 7, and sloper, , we can calculate the constantsC,,C, . At

any plane z the radius and the slope of the ray are given by

If we rewrite these results using a matrix formalism the result is

2 | [5
CoS| Zz |— sin| z |—
r(z) k, k, r(0)
r'(2) k, . k, k, r'(0)
— [— S| z [— CoS| Zz |—
k, k, k,

If we further assume that 7, =0 and 7, = n, - #'(0), then the above matrix becomes

1 0

M = ﬁcos z k—z . .
, k) =y -l T, tan(eyk, 7K, ) 0

We compare the above matrix to the one describing a thin lens with the focal length f
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,(1 oj
M' = .
-1/ f 1

Finally, we can conclude that a thin medium with a quadratically varying index of

refraction and a length / is equivalent with a lens with the focal length

1 |k k
convergent — e cot l -2

n\ k, .

fdivergent — _l ﬁcoth l k_2
n kZ kl

where f st | fAavesen s obtained when k,> 0/k, < 0.

Next we are going to relate these calculated focal lengths to the Kerr effect and
plasma formation. First let’s look at the plasma effect. Assuming that the electrons are
created by multiphoton excitation, it is reasonable to assume that the electron density has

a spatial distribution as it is shown below
G
N,(r)=N,(0)-¢ *

kr?
~ N, (0)(1 — ?j

where N, (r) is the electron density at distance 7 from the axis, N,(0) is the peak
electron density (on-axis), k£ is the number of electron to cross the band gap and R is the

radius of the filament. Combining the above formula withn(¢) = (n, - N,(t)/ N, )" , we

can identity 'k, /k,
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k, _ N,(0)k 1
2k, 2N,R* ~N.(0)
° 2N

crt

Similarly, for the Kerr effect, we can write

n = (n, +n,1(0))- (1 _110) 1 rZJ

R* n, +n,1(0)

and identify 'k, /k,

k, n,I(0) 1
2k, R® n,+n,I(0)

Finally, we make use of the fact that the peak densities N,(0) (we obtained the peak

densities from the experimentally measured ionization rates, as it will be seen in the next
subchapters) are about one tenth from the critical densities. The results are summarized in

Table 3.2.

Material fdivergent( plasma) (1am) fcanvergent(Kerr) (m)
Sapphire -56 15000
Water -68 13000
Fused Silica -65 720
Methanol -90 760

Table 3.2 Focal lengths of the lenses due to the Kerr and plasma effects.
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There are a couple of observations to be made about these values. First, the
plasma effect is a very strong one and it must have a significant effect on defocusing the
pump. Second, the Kerr effect in sapphire is much weaker than the one in water and
methanol and therefore the light creates fewer electrons that would subsequently defocus
the beam and drop the ionization rate. However, the Kerr effect is comparable to the one
in fused silica, but we do not see the same dramatic blueshifting as we see in sapphire. A
possible explanation could be that although the Kerr effect is comparable, the difference
in band gaps makes it favorable to create more electrons in fused silica; hence the

defocusing is more important.

3.7 Multiphoton Ionization Rates

In order to understand how our work fits into the larger picture of the ultrashort
laser-plasma interaction, it is useful to make a review of what it has been done so far and

of what we have learned about this type of interaction.

D. Du et al” studied breakdown in fused silica, for pulses with time durations
between 150 fs and 7ns. They concluded that the contributing ionization mechanisms are
the tunneling ionization and the avalanche ionization. The latter was found to dominate
over the entire pulse-width range and the impact ionization rate was estimated by using

Thornber’s formula.

B. C. Stuart and coworkers* reported measurements of damage thresholds for
fused silica and calcium fluoride. They used light at 1053 nm and 526 nm and pulse

widths ranging from 270 fs and 1 ns. These researchers found that the multiphoton
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ionization produced most of the electrons with only a small collisional avalanche required
to achieve critical density. They developed a theoretical model where the avalanche
ionization varied proportional with the intensity of the light and the MPI rate was given
by the Keldysh theory. For pulse widths smaller then 30 fs they concluded that MPI alone
is sufficient to damage the medium.

M. Lenzner et al" reported optical breakdown measurements on several
dielectrics with different band gaps and pulses durations ranging between 5 fs and 5 ps.
Their investigations confirm a linear scaling of the avalanche ionization with intensity
and yield MPI rates that are order of magnitudes lower than those predicted by Keldysh
theory. Their conclusions were that the optical breakdown in fused silica was dominated
by the Al down to the 10 fs regime and that for smaller band gaps materials (like BBS)
MPI took over for pulse durations smaller than 100 fs.

An-Chun Tien*® et al, by performing damage threshold measurements for fused
silica, questioned the applicability of an Al rate linearly scaled with laser intensity. Also,
they found that Thornber’s expression for Al along with the Keldysh’s PI theory in solids
describe the physical processes in dielectrics better than the linear scaling and the MPI
approximation. They found that the AI predominates even in the case of sub-100 fs
pulses.

M. Li and coworkers'’ measured optical breakdown threshold in dielectrics with
different band gaps for 25 fs pulses. These researchers fitted their data with a model that
assumed an Al rate that was linearly dependent on intensity and a MPI rate described by
the multiphoton approximation. The absorption cross-sections for MPI did not match

those given by Keldysh theory.
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S. Tzortzakis et al* studied self-guided propagation of ultrashort IR laser pulses
in fused silica. The electrons are created by MPI and Al (linear intensity dependence)
with the absorption cross-section for the MPI given by Keldysh theory.

L. Sudrie and coworkers>' investigated bulk damage induced by femtosecond IR
pulses in silica. They matched their data by using the full Keldysh PI formula along with
the avalanche ionization (linear intensity dependence). The same conclusion was reached
by A. Couairon et al. »

We would like to point out that all the above experiments were studying damage
and that the information about ionization processes was indirectly extracted. First, there
had to be defined a “threshold” that varied from experiment to experiment. Second, once
the damage threshold was calculated, various theories were employed to fit the data. The
fitting parameters were the absorption cross-sections. Our method is much more direct
and we hope that eliminates the uncertainties inherent in the indirect methods described
above.

Regarding our data, once we obtain the blueshifting we can calculate the time-
varying multiphoton excitation rates. We simply multiply the blueshifting value, at each

delay, with the quantity (-2cN /L A;). Our results are shown in figure 3.14 and figure

crt
3.15. For all materials we chose a propagation length of 50 #m. The reason is the
following: we do not know the length of the filament inside the media; however we know

that the minimum propagation distance necessary to form a filament is 50 z m (as it will

be discussed Chapter 5 of this thesis).

64



Sapphire
15

10

Tonization Rate (x10%7 57 e ™)

] 200 400 &00 800 1000
Delay (I5)

Wat
G ater

-3

Tonization Rate (<10 7 com™®)

Delay (fs)

Figure 3.14 Sapphire/Water-time-varying multiphoton excitation rates. We
obtain them by multiplying the blueshifting value, at each delay, with the
quantity (-2cN /L ;).
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Figure 3.15 Fused Silica/Methanol-time-varying multiphoton excitation
rates. We obtain them by multiplying the blueshifting value, at each delay,
with the quantity (-2cN _, /L 4,).

This is extremely useful information. We not only get quantitative information about the
plasma, but we also can get insight into the physics of the ionization processes. Recently
in our lab, we have measured the size of the filament in a sapphire crystal and obtained a
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diameter of roughly 20 micrometers. We then estimated the intensities (intensity =
energy/(pulsewidthxarea); the pulsewith 7= 100 fs) inside the dielectrics and extracted
the values of ionization rates using Keldysh theory. Table 3.3 shows the measured peak

rates and the rates given by the Keldysh theory. We also estimated the ionization rates by

using Thornber’s approach *

Material | Rate(fs ' ‘em ™) | Rate(fs ' ‘em ™) | Rate(fs ™' -em ™)

Keldysh Theory Measured Thornber Theory

Sapphire 4.3x10" 1.9x10" 4.4%10"
Fused Silica 2.3x10' 8.6x10" 2.4x10"
Water 8.6x10" 7.2x10"7 1x10"
Methanol 2.8x10' 6.6x10" 1.7x10"

Table 3.3 Comparison between measured and calculated ionization
rates.

Our experimental results provide quantitative information about the excitation processes
in solid media and they constitute a first step toward identifying the excitation
mechanism. There is a widespread consensus in the field that in the ultra-short pulse
regime, below the damage threshold, the dominant mechanism is the MPE and that the Al
plays no role or its role is negligible. Our measured ionization rates are consistently

larger that the theoretical rates. This could mean that (1) Keldysh theory does not
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correctly describe the excitation in solids in the ultrafast regime, (2) If the multiphoton
excitation (MPE) is the dominant process, then we have to assume that lower order MPE
(if impurities introduce energy levels in the band gap, then the number of photons
required to cross it decreases) plays an important role or (3) Avalanche ionization has a
more important contribution than previously thought. The Thornber theory clearly does
not apply to ionization in solids, in the ultrashort regime. The MPE and the Al have
different intensity dependence and it should be possible to experimentally separate them.
We performed an absorption experiment (to be described in the next chapter) that
suggests that avalanche ionization contributes to the plasma formation, for ultrashort

pulses, bellow the threshold damage.

3.8 Electron Densities Determination

Time integration of the calculated ionization rates results in values of the electron
densities. Fig. 3.16 shows the electron density as a function of time delay between the
pump and the probe in the case of sapphire. Also shown in the picture is the intensity of

the scattered probe.
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Figure 3.16 Sapphire- Electron density and the intensity of the scattered
probe as a function of time delay between the pump and the probe.

Electrons are created in the leading edge of the pump and their density increases over a

period of time of approximately 250 fs, after which it reaches a constant value. Fig. 3.17

shows the time-dependent densities for all four materials.
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Figure 3.17 Time-varying electron densities for all four media.

The peak densities are summarized in Table 3.4.

Material | Peak Density (cm ™)
Sapphire 4.9-10%
Fused Silica 2.2-10%
Water 1.3-10%°
Methanol 1.7-10%

Table 3.4 Peak electron densities for all four media
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We also compared the values of our peak densities to the ones obtained by F.
Quere et al, ® which used a frequency domain interferometry technique. They measured
the excited carrier density in SiO,, MgO and Al, O, irradiated by short laser pulses at
intensities above and below damage threshold. For sapphire, the above cited research
group assumed an intensity of10'* W /cm®, which they said was below the damage
threshold, and calculated a peak density of 8.0x10" cm™ . Our result for sapphire was
roughly six times larger than this value and our intensity was roughly 1.3x10" W /cm®
and never reached the high value cited in Ref. 60. For fused silica they obtained a peak
density value of 2.3x10” c¢m™ for an intensity of8.0x10" W /cm®. Our value was

similar to this but it corresponded to a higher intensity1.4 x10" W /cm*.

3.9 Numerical Calculation

In section 3.5 of this chapter we showed spectra at selected time delays between
the probe and the pump along with the results from a 1-D calculation

For this calculation we described the pulses as Gaussians both in time and space:

2 2
t
~4In2— -2’

— Tpump 7
Ipump /IO,pump =e e ‘

—4In2

_ T probe  —ict
Eprohe /EO,prol)e =e e
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In the above equationsz,,,,, and 7,

are the pulse widths (FWHM) of the pump and the
probe and 7, is the spot size (FWHM) of the pump. In this model we only took into

account the multiphoton excitation:

on,
ot

(’”):O-k'lk

pump >

where k& is the number of photons required to cross the band gap and o, is the ionization

cross-section.
The interaction between the pump and the materials was described by only taking into
account the Kerr effect and the excitation of the medium. These processes give rise to a

probe phase shift

A(DP""be = (ne +nKerr) i_ﬂ.l‘

0

% Ne+2_7z-n2]pump).
N 7,

crt

~ (- L

In the above phase shift expression n, and n_, are the contributions to the

refractive index of the medium due to Kerr effect and plasma formation. We also used the

fact that the conduction electrons generated in the process change the refractive index of
the medium proportional to their time-varying density n= (1 -N,/N,_, )”2 and
for N, << N, we can make the approximation n~1-N,/2-N_,. The electron density
and the critical density are indicated by N, and N _,.

The simulation stores the complex electric field of the scattered probe, after it
propagated through a distance L, on a two dimensional grid in (r, t) space. The grid size

and spacing is chosen by the user as needed. Typical time and space steps used in the
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simulation are 1 fs and 1 4 m, respectively. For a given simulation the peak of the input

pulse is defined to be at t = 0, with negative times indicating the leading edge of the pulse
and positive times indicating the trailing edge of the pulse. Typical grid size was 4096
points along the time axis and 10 points along the radial axis.
The user inputs the initial pulse shape, material parameters, propagation distance and the
multiphoton ionization constant. The input pulse is always defined to have a Gaussian
shape in the radial and time dimensions and the user chooses the FWHM, the peak
intensity. We attempt to match the data by a trial and error process.

Although the calculation is very simple, it seems to describe the blue-shifting
effect well. For the cases presented in this thesis, we ran the calculation with the

parameters shown in Table 3.5

Material | 17" (W [em®) | o (57 em™ 7 W) | Ty () | Tprone (5) | L(am)
Sapphire 1 10" 200 100 3000
Water 1 108 200 100 70
Fused Silica 1 108 200 100 70
Methanol 1 108 200 100 70

Table 3.5 Numerical values of the parameters used in the probe spectrum
simulation.
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The fused silica spectra show oscillations both at positive and at negative delays.
The explanation consists in the fact that pump beam is not 100% horizontally polarized.
Therefore part of the pump leaks through the polarizer that is supposed to block it and
goes into the spectrometer. The effect of the spectrometer is that it broadens the pulses in
time and therefore there is interference between the leaked light and the probe.
Note also that the agreement between the theory and experiment is quite good for fused
silica, water and methanol, but is somewhat different for the sapphire. It is very likely
that this simple model misses some processes that become important to the spectrum

broadening in sapphire.
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CHAPTER 4

IONIZATION MECHANISMS IN THE INTERACTION OF

ULTRASHORT PULSES WITH SOLIDS - REVIEW OF THE FIELD

4.1 Introduction

The ionization of solid state media under the action of strong optical radiation can
be caused by either of the two mechanisms. The first is direct photoionization which is
usually itself divided into two regimes: multiphoton and tunneling. Electrons can be
detached from atoms as a result of the multiphoton ionization, i.e., as a result of
simultaneous absorption of several photons. In addition to the multiphoton ionization,
electrons can be detached from atoms via tunneling through the barrier formed by the
lattice potential and the time-varying applied field. The electric field of an
electromagnetic wave behaves as if it were a static field if it does not vary greatly during
the time taken by an electron to cross the potential barrier of an atom. It would appear

that the multiphoton effect and the tunnel effect are completely different processes.

However, in the classic paper by L.D. Keldysh'”, he showed that both mechanisms were

75



of common origin and were the limiting cases of the same process of the transition of an
electron from a bound to state in an atom to a free state under the action of an alternating
electric field. Keldysh obtained a formula for the probability of detaching an electron
from an atom. The ionization rate formula was given in Chapter 2. This theory was
applied to describe the ionization of gases by ultrashort lasers and was generally found to
be lacking. More successful approaches (KFR'"* and ADK®') required a better
treatment of the initial and/or final states, but still remained consistent with the view of
ionization having multiphoton or tunneling character. The Keldysh parameter is still used
and appears valuable. In the case of solid media the experiments indicate large
discrepancies. The second mechanism is the avalanche ionization. In this case, if some
“seed” electrons appear from photoionization in the region where the field is active, these
electrons can acquire energy from the field. In a static electric field, a seed electron is
simply accelerated along one direction until the first collision and the energy lost by
scattering is transformed into heat. In an oscillating field, the electron oscillates, but it is

found ™"

that on average, the kinetic energy of its oscillation is also transformed in each
collision with an atom into the energy of random motion, so that the velocity of the
random motion increases. This classical representation is suitable for fields of moderately
high frequencies, including the microwave range. In quantum language, which is
appropriate in the optical frequency range, electrons acquire energy by absorbing photons
during collisions with atoms, and this is the process of inverse bremsstrahlung emission

of quanta. Having acquired enough energy (equal or larger than the band gap), an

electron ionizes an atom and this produces two slow electrons which repeat the process
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and so on. In this way the number of electrons increases readily resulting in “avalanche”.
This is an ultrafast picture of the process. For slow pulses, the seed electrons are thermal.
The ionization of solids by ultrashort, extremely powerful pulses is worth special

attention and has generated a great amount of controversy. If the probability of n-photon

ionization is proportional to the n-th power of the intensity: w*” = C ‘1" (where C, is
the multiphoton ionization constant) and if a focal region of volume V contains N =
n -V atoms, a pulse of duration 7 generates

N, =N, VC,I"r
electrons. On the other hand the number of generations of electrons created in an

avalanche ionization is proportional to I' 7 (see Chapter 1) or 1?7 .* Clearly, in the
case for high values of n and for high densities we can select such a short time 7 that, in
spite of a very high intensity, the avalanche does not develop.

In solid state media some of these qualitative predictions are brought into
question. In this chapter I am going to review the experiments that have directly or
indirectly dealt with the problem of ionization in the field of ultrashort, powerful laser
pulses. I will discuss the results and conclusions obtained from these experiments and the
significance of the results in the previous chapter. This review is also important for
understanding of the following chapter.

There are three main points that are subject to controversy in this field:

e The intensity dependence of the avalanche ionization rate (I'7 or 1?7 ?)
e The individual contribution of the multiphoton ionization versus the avalanche

ionization in the below the breakdown threshold regime and
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e The validity of Keldysh theory when applied to solid state media and in the case of

ultrashort pulse.

4.2 History of the field

W. L. Smith et a/” studied the production of continuum generation in H,O and

D,0 by 30 picosecond pulses at 1.06 g m and 21 picosecond pulses at 0.53 g m. They

found that the production of the superbroadening is preceded by catastrophic self-
focusing, filament formation and breakdown. The conclusion was that self-phase
modulation of the rapidly varying index of the plasma provided seed light over a
superbroadened spectral interval, which was largely independent on the host material.
This seed was assumed to be further amplified by stimulated Raman gain and four-
photon parametric interactions.

R.L. Fork and coworkers*’ obtained, in ethylene glycol, gigawatt white-light

continuum pulses that extended continuously from 0.19 x#mto 1.6 g m. They found that

the temporal, spatial and spectral properties are consistent with self-modulation playing a
prominent role in the generation of the continuum. They compared their results to the
ones obtained by W. L. Smith er al and concluded that they did not see any clear
evidence for avalanche ionization.

D. Du and coworkers >’ performed laser-induced breakdown experiments in fused
silica (SiO;) employing 150 fs -7 ns, 780 nm laser pulses. The experimental results

showed that the breakdown thresholds increased when the pulse width became shorter
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than a few picoseconds. They used Thornber’s calculation of the avalanche coefficient,

which predicted an avalanche ionization intensity dependence of 1''*, to calculate the

breakdown threshold and found an excellent agreement with the experimental data.

B. C. Stuart and coworkers* reported extensive measurements of damage
thresholds for fused silica and calcium fluoride at 1053 nm and 526 nm for pulse
durations ranging from 270 fs to 1 ns. In each of these band gap materials they observed a

change in the damage mechanism and morphology for pulses shorter than 20 ps. More

importantly, they observed a deviation from z'’*scaling reported by Du et al, finding no
evidence for an increase in damage threshold with decreasing pulse width. They were
able to fit the experimental by using a theoretical model that assumed that field-induced
MPI produced free electrons which were then heated rapidly by the pulse, resulting in
further ionization by collisions. In their model, the MPE rate was given by the strong
field Keldysh ionization formula, while for avalanche ionization a linear intensity
dependence was found to match the data. The avalanche ionization constant was found to

be @ =10 cm?/J.

M. Lenzner et al'® also reported measurements of optical breakdown thresholds in
dielectrics with different band gaps for laser pulse duration ranging from 5 ps to 5 fs, at
780 nm. For 7 < 100 fs, they found that the dominant channel for free electron
generation was either avalanche or MPI, depending on the size of the band gap. In order
to fit their data, they had to use MPI rates that were substantially lower than those

predicted by the Keldysh theory. Avalanche ionization was assumed to depend linearly
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fused _silica __

on intensity. Typical value for the avalanche ionization constant were o
(4+0.6)cm*/Jand o =(1.2£0.4) cm?/J.

A.-C. Tien and coworkers® also presented single-shot damage threshold
measurements and modeling for fused silica at 800 nm as a function of pulse duration
down to 20 fs. The experimental data is very well matched by a model that uses Thornber
formula for the avalanche ionization rate (square root intensity dependence) and the full
Keldysh formula for the photoionization rate.

A. Brodeur and S.L. Chin'® investigated the supercontinuum generation during
self-focusing in several transparent media by using 140-femtosecond Ti:sapphire laser
pulses. A band gap threshold was found above which the width of the continuum
increased with increasing band gap and below which there was no continuum generation.
Multiphoton excitation of electrons into the conduction band was proposed as primary
mechanism for these observations. They explained the ultrafast continuum by reviving

177

Bloembergen’s model ** of ionization-enhanced self-phase modulation in the context of

femtosecond pulses and multiphoton excitation. According to this model, during self-

focusing a sharp intensity spike develops which is limited by MPE up to a density NI ~

10" cm™ (in water). They estimated, based on the measured energy loss and self-focal

dimensions, that the electron density created in water was 10"< N _<10" cm ™. Based

on these measurements they assumed that in their experiments self-focusing was stopped
by MPE.
M. Li et al” measured the optical breakdown threshold in dielectrics with

different band gaps for single and double 25 fs 800 nm transform-limited laser pulses.
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Theoretical breakdown thresholds were calculated assuming a linear intensity
dependence of the avalanche ionization rate and the MPI approximation of the Keldysh
photoionization formula. The MPI rates that fitted the data were found to be several
order of magnitude smaller than what the Keldysh theory predicted (for the same

fused _silica

intensities). The impact ionization constants that fitted the data best were and «
=9cm’/Jand ™ =6cm?/J.

A. L. Gaeta” investigated theoretically the self-focusing dynamics of an
ultrashort laser pulse both near and above the threshold at which the pulse effectively
undergoes catastrophic collapse. He assumed that the electron density can grow in the
presence of the laser field through avalanche ionization (linear dependence on the
intensity) and multiphoton absorption. In all the cases he studied, Gaeta found that for
pulses in the femtosecond regime, although multiphoton absorption provided the initial

free electrons, avalanche ionization dominated the total production of plasma density.

S. Tzortzakis and coworkers®’ reported self-guided propagation of ultrashort
infrared pulses in fused silica over several Rayleigh lengths. The experiments showed
that self-guiding was accompanied by pulse splitting and time compression. Numerical
simulations involving pulse self-focusing, temporal dispersion, and multiphoton were
found to be in good agreement with the experimental results. No significant avalanche
contribution is observed in the femtosecond filamentation in their experiment. The

numerical simulation uses the MPI rate as given by Keldysh theory and a linear
dependent avalanche rate with the ionization constant ¢/“*/~*"** =1 cm* /1.

H. Ward and L. Berge* investigated theoretically how femtosecond light pulses

interact with solids. They found that with a power close to the self-focusing threshold, an
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optical pulse evolves like a solitary wave with a temporal duration shrunk to a few
femtoseconds through the defocusing action of the multiphoton ionization (described by
Keldysh strong field formula).

L. Sudrie et a/*' studied bulk damage induced by femtosecond infrared pulses in
fused silica both experimentally and numerically. The theoretical model uses the full
Keldysh formula for the photoionization. In the case of the avalanche ionization they
found that a linearly dependent ionization rate agreed with the experimental data better
than a square root dependent one. It is found that the avalanche became significant only
when the density of electrons created by photoionization exceeded 10" c¢cm ™.

A summary of this review is presented in Table 4.1 and Table 4.2.

Group Smith Fork Du Stuart Lenzner | Tien
et al™ et al” et al™ etal™ etal™ | etal®
Pulse 30ps/ 80 fs/627 nm | 780 nm 526/ 780 nm | 800
1.06 um 150 fs 1053nm 51fsto nm
21 ps/0.53 um to 150 fs to 5ps 20 fs
7 ns 7 ns
Media H,0/ DO Ethylene Si0; SiO, Si0, SiO,
glycol CaF, BBS

Table 4.1 Summary of the results found in the literature.
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Table 4.1 (continued)

Group Smith Fork Du Stuart Lenzner Tien
etal” et al’ et al” et al™ et al" etal®
PI/AI Al MPI Tunneling MPI
Dominant
Al 12 I | 1Y2
TorI'?
Breakdown No No Yes Yes Yes Yes
Study
Keldysh No Yes No Yes
Theory
Agreement
Group Brodeur Li Gaeta | Tzortzakis Ward Sudrie
et al' et al”’ et al” et al” et al” et al”
Pulse 140 fs / 796 nm 25 fs 70 fs 160 fs /800 | 160 fs 160 fs
/800 | /800 nm nm /790 nm | /800 nm
nm

Table 4.2 Summary of the results found in the literature.
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Table 4.2 (continued)

PI/AI MPI Al MPI MPI Al
Dominant
Media 15 media | SiO; Si0, Si0, Si0, Si0,
with BG BBS
b/w 3.3
eV and
11.8 eV
Al I I I I
TorI"?
Breakdown No Yes Yes No No Yes
Study
Keldysh No Yes Yes Yes
Theory
Agreement

From our experiment we were able to estimate both the multiphoton ionization

constant and the avalanche ionization constant. The measured ionization rate for our fused
silica sample was 1.1:10" cm™fs™', for a laser intensity of 1.4:10” W-cm™. The

multiphoton cross section will therefore be given by the formula o, = Rate/l,, withk =5
or 6, depending on the band gap and for a wavelength of 800 nm. For k = 6 we obtain &>

= 1.5x10" ps™"'em’*TW ™. In the case of the avalanche ionization the cross section is
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given by the formula & = Rate/ (I'n,) and the measured quantities used provide a value of

a™ =1.0cm?/J. A comparison of these quantities (o,° ,a" ) with other values obtained

also experimentally is given in Table 4.3. First observation is that none of the experimental
values for the multiphoton ionization constant matches the theoretical values given by
Keldysh theory. While M. Lenzner et al/'® and M. Li et al*’ obtained values that were
orders of magnitude smaller than what the Keldysh theory predicted, we calculated a
constant that was two orders of magnitude larger than the theoretical value. In the case of

the avalanche ionization constant, the calculated values, for band gaps between 6.5 eV to

9.0 eV varies from 7.6 cm?/J** to 1 cm?/J.

Group MPI Ionization Al Ionization
Coefficient Coefficient
o, (cm”ps~(cm’/TW)*) | a (cm’/J)
Si0; Si0;
Lenzner o, =6x10 8+0.9 a = (4£0.6)
etal'
Li o, =3x%x10* a =9.0
et al”’
Our Results o, = 1.5x10" a =10

Table 4.3 Comparison between our experimental results and results found
in the literature, for fused silica.
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As a conclusion of this brief review (there are many other studies that advance the
same ideas as the papers presented in this chapter), we can say that the ionization
processes in solid media, by ultrashort pulses, are far from being well understood. Many
of the present studies point to the fact that very often the qualitative and the quantitative
results vary as a function of experimental conditions and that there is a disagreement in
the field about what ionization processes are involved and about what their relative
contributions are. This thesis proposes an experimental technique that allows a direct
measurement of the ionization rates as oppose to getting them from fitting parameters.
We also present measurements that separate the two excitation processes and identify the

relative role played by each in the ionization of the media.
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CHAPTER 5

NONLINEAR ABSORPTION MECHANISMS

5.1 Introduction

Laser pulses with very low energies propagate through transparent materials
unabsorbed and unmodified. When the energy, and therefore the intensity, of the pulses
increases nonlinear processes come into play and make possible the promotion of
electrons from the valence to the conduction band, hence the absorption of light in an
otherwise transparent material. We reviewed in Chapter 2 the two classes of nonlinear
excitation involved when ultrashort laser pulses propagate through transparent media:
photoionization and avalanche ionization. Under the experimental conditions considered
in this thesis, photoionization was a multiphoton process, not tunneling. In this chapter
we present measurements that separate the two excitation processes and identify the
relative role played by each in the ionization of media. The idea underneath these

experiments is a very simple one: since the two ionization processes have different
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intensity dependence, the absorption of light in the medium should differ similarly.
Therefore it should be possible to distinguish the two mechanisms by looking at the

energy dependence of the absorption.

5.2 Experimental Setup

Our experimental apparatus was simple. The 100 fs, nearly transform-limited light
came from an optical parametric amplifier system operating at a repetition rate of 1 kHz
and signal wavelengths ranging from 1200 nm to 1600 nm. The light was sent into a
nonlinear crystal (BBO) that doubled the frequency of the light and generated new light
(second harmonic of the OPA signal) with wavelengths spanning from 600 nm to 800
nm. We also performed the experiment at 400 nm by doubling the 800 nm light. We
sent the fundamental and the second harmonic through a pair of prisms that not only
dispersed the light and separated the infrared from the visible, but also compensated for
the positive GVD acquired by the visible light in passing through the nonlinear crystal
and the various optics employed in the experimental setup. The second harmonic was
sent through a pair of polarizers, one of which had a motor attached to it. By rotating the
motor we change the polarization of the light and therefore we change the amount of
transmitted light through the second polarizer. The light is then focused by a 100 mm lens
into a 3 mm sapphire substrate. Great care was taken to push the focus as close as
possible to the back of the substrate and to still have continuum generation. The sapphire
substrate had a device grade polish and its ¢ axis was perpendicular to its surface. The

transmitted light was recollected by a second lens and sent into a powermeter (Scientech
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362). The powermeter had an analog output and the signal from it was sent into a digital
to analog converter and subsequently into a computer.

A simplified picture of our experimental setup can be seen in fig. 5.1.

1200 nm to
l 1800 nm
g crystal

600 nm — 800 nm

4

{

Fine /o
& Adjustment \.
- AN
Motor -~
[ 1 sample
e Filters
BN rp 7

Figure 5.1 The experimental setup is straightforward. The beam was sent
into a BBO crystal which generated visible light. We sent the pulses
through a sapphire crystal and measured the absorption with a
powermeter.
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5.3 Nonlinear Absorption: Multiphoton Excitation versus Avalanche

ITonization

First observation is that we generated white light for each laser pulse wavelength
employed except when using light at 400 nm. No matter how hard we pumped the
sapphire crystal we could not damage it or generate other colors for this particular
wavelength. Sapphire has a band gap of 9 eV and when using the blue light it only takes
three photons of this color to cross the band gap. For comparison it takes 5, 6 and 10
photons for light at 590 nm, 800 nm and 1280 nm to cross the same band gap. This means
electrons are generated very easily with the blue light. The electrons defocus the beam
and they stop the self-focusing and all the other nonlinear processes very early, making
impossible the generation of white light. Figure 5.2 shows the transmitted light as a

function of the input energy for three different colors.
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Figure 5.2 The transmitted energy shows that different mechanisms are at
play for absorption of the light at 590 nm and 800 nm when compared to

the results at 400 nm.

It is clearly seen from the picture above that there is a change in the slopes of the
transmission curves corresponding to light at 590 nm and 800 nm. The point
corresponding to this transition coincides with the point in energy at which the continuum
generation is fully developed. Blue light never drives continuum generation and there is
no change in the transmission curve slope. We wanted to investigate more closely what
the change in slope meant. For each color we calculated the transmission of the light and
the nonlinear absorption (the measured absorption corrected for the reflections on the
faces of the crystal). Once we calculated the nonlinear absorption we simply took the
logarithm of the absorption and the logarithm of the input energy and read the order of

the nonlinearity. Figures 5.3 and 5.4 illustrate the way we analyze the data and it also
shows the final experimental results.

91



2 of
&
5 1.5}
=]
[
T
£
805}
H
= Ok
0 1 2 3 4
Input Energy (ul)
1
£ 08
206
B 04
d
o 0.2
1 2 3 4 5
Input Energy ()
1
£ 03}
S 06f
9
204}
=
0.z}
Z
0 1 2 3 4
Input Energy (ul)
0
5 -0.2
S 04 ~(0.8£0.08
& -06
g -038
S -1 2402
fi " o~
S -1.2f

0.1 02 03 04 05 06
Logi{Input Energy )

Figure 5.3 The nonlinear absorption at 590 nm shows a nonlinear slope of
about 2 up to the point where the continuum generation is created and then
a slope of about 0.8 after the white light has been created.
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Figure 5.4 The nonlinear absorption at 800 nm shows a linear slope,
followed by a nonlinear slope of about 3.5 up to the point where the
continuum generation is created and then a slope of about 0.5 after the
white light has been created.
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One can observe from the pictures showing the results at 800 nm that for small
input energies the light simply propagates linearly; this region corresponds to a slope
equal to 1. In the data taken using 590 nm light, this region was lost when processing the
experimental data. In order to find the transmission we have to divide the values of the
transmitted energy by the values of the input energy. Mathematically, for very small
energies, this means that we divide by very small numbers, hence numerical noise and
loss of data. However, at the point where continuum generation first appears we can see a
change of the slope in both set of data. There is a nonlinear slope in the curve that stops
exactly at the point where the continuum generation is fully formed. We believe that the

nonlinear slope is an indication of a multiphoton process corresponding to an absorption

that varies as 1*, with k being the number of photons required to cross the band gap. Note
that we did not get the slopes that we expected, 5 for 590 nm and 6 for 800 nm. This
could be due to spatial averaging, imprecision in the detection or even to the existence of
impurities in the band gap of the material which can lead to the modification of the order
of the nonlinearity. When the multiphoton process stops, which is apparently when the
continuum generation is fully formed, the slope changes to a sublinear one. We attribute
this change in slope to a change in the ionization mechanism. Avalanche ionization

18,19,20,21,23

becomes important and it is believed that the avalanche ionization rate varies

either as T or 1"2.% We also wanted to know what the relative contribution of each of

these processes is. In order to get an estimate we calculated the density of the electrons in

the conduction band that is given by the following formula: *

dn

e

=o, 1" +aln,,
dt
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where o, and o are the ionization cross-sections and n, I are the electron density and

the intensity of the light (the intensity is assumed to be described by a Gaussian in time
and space, but the calculation is performed for r = 0, where r represents the spatial extent
of the beam). The ionization cross sections were estimated by using the experimentally
measured ionization rates and intensities. More precisely, we estimated each of the cross-
sections by assuming that the electrons are created exclusively by multiphoton ionization
or avalanche ionization. We approximate the individual contributions of the two

ionization processes. For example, the measured ionization rate for our fused silica
sample was 1.1:10"® cm™-fs~'. The intensity used to drive this ionization rate was
1.410" W- ecm™ and the electronic density in the conduction band was measured to be
around 10”° cm™ (as we showed in Chapter 3). The multiphoton cross section will
therefore be given by the formula o, = Rate/I’. By using the numbers mentioned above,
we obtain o,° =210 fs'‘em’- TW . In the case of the avalanche ionization the
cross section is given by the formula & = Rate/ (I - n,) and the measured quantities used
provide a value of a™ =1.0 cm?/J. It is useful to make a survey of the literature to see
other results for the avalanche ionization cross sections.

M. Lenzer and coworkers'® found, by fitting their experimental value, a value of
a™ =4.0 cm?/J. M. Li et al.” obtained a result, also from using the ionization cross
section as a fitting parameter, of ™ =9.0 cm*/J.

S. Tzartzarkis and coworkers® and L. Sudrie and coworkers®' calculated the
avalanche ionization cross section by using the Drude model® and the theoretical value

was a™ =1.0cm?/].
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Our numerical value for the avalanche ionization cross-section in fused silica is
close to the other values used in the literature. We also calculated the ionization cross-
sections for the other transparent media studied: sapphire, water, and methanol. A

summary of our calculated cross-sections is presented in Table 5.1.

Material | o (5~ -W ™" .em™*) | a(em®-J)
Sapphire 4x10" 1.5
Fused Silica 2%10"% 1.0
Water 2%10" 09
Methanol 1.6x10" 0.8

Table 5.1 The multiphoton and avalanche ionization cross-sections
calculated by using numerical values measured experimentally for the
ionization rates and intensities.

Figures 5.5, 5.6, 5.7 and 5.8 show the results of the electronic densities in the

conduction band of the sapphire crystal, fused silica, water and methanol. The electronic

densities were calculated by using the values in Table 5.1.
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Figure 5.5 Sapphire - the red curve shows the electronic density obtained
by taking into account only the contribution of the multiphoton ionization.
The blue curve shows the result obtained by taking into account both the
multiphoton and the avalanche ionization.
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Figure 5.6 Fused Silica - the red curve shows the electronic density
obtained by taking into account only the contribution of the multiphoton
ionization. The blue curve shows the result obtained by taking into
account both the multiphoton and the avalanche ionization.
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Figure 5.7 Water - the red curve shows the electronic density obtained by
taking into account only the contribution of the multiphoton ionization.
The blue curve shows the result obtained by taking into account both the
multiphoton and the avalanche ionization.
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Figure 5.8 Methanol - the red curve shows the electronic density obtained
by taking into account only the contribution of the multiphoton ionization.
The blue curve shows the result obtained by taking into account both the
multiphoton and the avalanche ionization.
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From our result we can see that the avalanche ionization has a very important
contribution (~ 70%) in sapphire and its contribution decreases (15% in methanol) as the
band gap of the materials decreases. This is quite a different result from the widely
circulated idea'®'>***"*>* that for ultrashort pulses, below the breakdown threshold, the
avalanche ionization has a negligible contribution and that the main contribution comes
from the multiphoton ionization process.

In conclusion we performed a simple experiment that allowed us to separate the
individual contributions of the two main ionization mechanisms contributing to the
creation of free electrons in condensed matter during the propagation of a short pulse
laser. We find that in a regime below the breakdown threshold both mechanisms
contribute to the ionization. However the contribution of the avalanche ionization seems
to increase with the decreasing of the band gap. Our result challenges most of previous
studies where the avalanche ionization was thought to play a minor role, if any and it
separates, for the first time to our knowledge, the contribution of the two mechanisms to

the creation of electrons in the conduction band in a solid.
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CHAPTER 6

NONLINEAR PROPAGATION MEASURAMENTS USING A PRISM

TECHNIQUE

6.1 Introduction

Obviously, one step towards understanding intense laser propagation is measuring
the pulse as it travels through the medium. However you cannot place your detector

inside the medium and if you wait until the light exits you have lost the information you

sought to find. Several schemes have been presented to get around this problem. *>*

We describe a very simple approach that works spectacularly well: use of a prism to
provide a variable path length.

One of the first experiments addressing the dynamics of femtosecond laser
propagation in condensed matter, below the damage threshold, was the one performed by
T.-W. Yau and coworkers.® They measured the ultrafast field evolution, in fused silica,

with a three-dimensional phase-retrieval cross-correlation technique. They found that the

100



pulses do not focus down catastrophically; instead they are trapped momentarily to a

quasi-stable single filament 20-25 g#m in diameter in 4 mm propagation, without a

measurable dependence on the peak power. This technique is a powerful tool for
deciphering the spatiotemporal field evolution during nonlinear propagation.

Z. Wu and coworkers also performed a systematic study of the filamentation of
ultrashort pulses in fused silica. They observed multiple foci for numerical apertures
(NA) smaller that 0.65 and a long filament for NA = 0.85. A model in which the
propagation was analogous to the movement of a classical particle in a potential well
represented a qualitative explanation of the experimental results.

W. Liu et al.** also observed the phenomenon of multiple refocusing in a liquid
(methanol). They show that this phenomenon is the manifestation of the interchange of
energy between a wide background of the radiation and the narrow near-axis region with
r < 10 gm. This study of multiple refocusing widens the concept of filament to an

extended region along which the intensity is changing weakly.

A. Dubietis and coworkers studied in a series of papers **>*’

the phenomenon of
self-guided propagation of femtosecond lasers in water. They observed light filaments

with diameters of 20 g m — 60 g m that persisted over a distance of 20 mm. Their studies

revealed that light filaments are not sustained by static balance between Kerr-induced
self-focusing and plasma-induced self-focusing, but instead they require an important
energy refilling by the surrounding radiation that one can by no means consider them in
terms of solitonlike beams. They also showed that the light filaments can reconstruct

themselves after hitting a beam stopper in the presence and in the absence of a nonlinear

101



medium. A possible scenario by which conical wave components are generated inside the
medium by the distributed stopper or reflector created by nonlinear losses or plasma was
presented.

Our experiment proposes a simple technique that allows easy access to directly
measure the plasma induced blue shifting and the plasma dynamics as a function of
propagation length. We find that the supercontinuum generation, the plasma formation,
self-focusing, self-phase modulation and all the other nonlinear processes involved in the
ultrashort laser propagation can require only a small threshold propagation distance, as

short as 50 ¢ m. We measured a light filament over a range up to 2.0 mm and observed

that the blue-shifting was the same over the entire length of the filament. This allows us
to directly estimate the ionization rates and study plasma dynamics in a very direct

manner, without resort to fitting by numerical models.

6.2 Experimental Setup

The experimental approach as applied to the study of intense field propagation in
a sapphire prism is shown in Figure 6.1 and it is similar to the one described in Chapter 3.
The pump pulse propagates through the prism driving intense field excitation (IFE),
continuum generation and suffering self-focusing. The delay time is defined as being
negative when the probe pulse precedes the pump. At positive delays the probe comes
after the pump. The weak probe pulse scatters from the plasma and can be detected in
both the forward and backward directions. The probe is separated from the pump using

polarizers as shown. An experimental run consisted on measuring the scattered light
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spectrum while changing the time delay between the two pulses, at various path lengths.
The propagation distance through the crystal is changed by simply translating the prism

as it is shown in Figure 6.1.

Pol
-/ -

Photodiode
or
Specirometer

Pol
— ) )
Sample

Figure 6.1 The experimental setup is straightforward. A double pulse with
variable delay appropriate for a pump-probe experiment enters the beamsplitter
from above. The two pulses for our work were distinguished by having
orthogonal polarizations.

Typical results for a path length of 3 mm are shown in Fig. 6.2. The reflected
probe is proportional to the plasma size and density in the medium. A fast rise on the
same time scale as the pump pulse is followed by a slow exponential decay. There are
actually two exponential decays: one that fits the data from O ps to 85 ps, with the time

constant of roughly 77 ps and the other one fits the data from 85 ps to 150 ps with a time
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constant of 55 ps. The spike at zero delay is not a plasma effect, but is due to four-wave
mixing between the pump and probe and provides a convenient zero-delay marker. The
four-wave mixing signal and the plasma reflected probe have different angular

distributions so they can be separated if desired.
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Figure 6.2 Reflected probe light when using a 3 mm path length in sapphire.
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The four-wave mixing signal actually has an interferometric component (averaged
out in the above figures) due to beating between different terms in the third-order

nonlinear susceptibility (see Figure 6.3).
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Figure 6.3 The four-wave mixing signal actually has an interferometric
component due to beating between different terms in the third-order nonlinear
susceptibility.

The reflected signal is significantly weaker than the forward scattered one, as it
could be seen in Figure 6.4. Therefore the data showed throughout this thesis represents
the forward scattered light unless stated otherwise. Analysis of the intensity and spectrum
of the probe directly yields the excitation rate and other information. The path length is

varied by simply translating the prism along the direction shown.
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Figure 6.4 The weak probe pulse scatters from the plasma and can be
detected in both the forward and backward directions. The reflected signal
is significantly weaker as it can be seen in this picture for a propagation
distance of 2.3 mm.

6.3 Experimental Results - Signal Structure, Supercontinuum

Generation Threshold Distance

On first inspection it seems that the total path length through the crystal is
constant as the prism is translated. However only the path length from the entrance to the
hypotenuse contributes for experiments where continuum generation, self-focusing and
all the other nonlinear processes are involved. It turns out the reflection from the
hypotenuse disrupts the intense pulse nonlinear propagation. Path length dependence can

be observed precisely in real time over a wide range of path lengths. The validity of the
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technique was verified in several ways. First, the results were compared to standard
optical window samples at 0.2, 1.0 and 3.0 mm for sapphire and found to be similar (see

Figure 6.5).
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Figure 6.5 The prism results were compared to standard optical flat
samples at 1.0 and 3.0 mm for sapphire and fused silica and were found to
be similar.

108



Second, threshold behavior was observed for continuum generation and plasma

formation for small path length changes (< 50 g m). If the path length was indeterminate

because of propagation after the hypotenuse, this would not be the case (see Figure 6.6).
And third, light was injected at an angle so that transmission through the hypotenuse did
occur. This causes significant distortion in the beam because of non-normal incidence on
the entrance face. A signal could still be measured and was qualitatively similar to what

we measured previously.
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Figure 6.6 Threshold behaviors were observed for continuum generation
and IFE for small path length changes (< 50 g m ). If the path length was

indeterminate because of propagation after the hypotenuse, this would not
be the case.
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Figure 6.6 shows propagation distance resolved data. It can be seen that there is a

sharp drop between the 250 g m and 300 g m data. At 250 4z m, the four-wave mixing

signal is present, not being a threshold process, but no plasma is observed. Continuum
generation also shuts off. The data indicate that for our focusing conditions the pulse

requires 250 x m to begin drastic self-focusing. It then self-focuses over the next 50 zm

and changes very little over the next 750 ¢z m.

6.4 Scattered Signal versus Propagation Distance — Measurement of

the Filament Length

We repeated the measurements described in the previous subsections for path

lengths between 250 g m and 5.6 mm. The measurements were performed with a spatial
resolution of 10 #m for propagation distances between 0.250 mm and 0.300 mm and
with a resolution of 100 x m for path lengths between 0.300 mm and 2.1 mm. After a

path length of 2.1 mm we increased the resolution up to 0.5 mm. The experimental results
show that the signal increased rapidly over the first 1.8 mm and then remained constant
up until a propagation distance of roughly 2.5 mm. After this point the signal varies
widely and almost chaotically. Figure 6.7 shows the dependence of the scattered light on

the propagation distance, for two different data sets.
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Figure 6.7 Scattered signal behavior was observed for various path length
changes. The signal increased over roughly 1.8 mm and then it stayed
almost constant up until 2.5 mm.

We know that the scattered signal depends on both the density and the size of the

plasma. We have seen that the light self-focuses over the first 50 zm and then collapses

down to a filament. The density is clamped down to a constant value inside the filament
and therefore is reasonable to assume that the increase in the scattered signal is due to the
increase in the filament length. We estimate that under our experimental conditions a
filament of approximately 1.8 — 2.0 mm was formed. After this distance diffraction takes

over and the filament breaks, the result being a chaotic behavior in our scattered signal.
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6.5 Spectrally Resolved Plasma Signal

The prism technique described above is also used to study the spectrum of the
scattered plasma signal. In this case, the forward scattered light is spectrally resolved
using a spectrometer. The scattered probe intensity, essentially proportional to the plasma
density, is measured as a function of pump-probe pulse delay and path-length.

Representative data for sapphire are shown in Figure 6.8.

0.5 mm path length

Figure 6.8 Spectrally resolved signal for a propagation distance of 0.5 mm.

At large negative delays, the probe comes first and so no signal is observed. At
small negative delays, the probe samples the leading edge of the pump and suffers a large
blue shift - this is the signature of plasma generation and is due to the time-varying

decrease in the index of refraction as IFE takes place. Near zero delay there is significant
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broadening to the blue and red due to cross-phase modulation, plasma effects and four-
wave mixing. At large positive delays, the probe scatters from the slowly decaying
plasma and experiences little or no spectral modification. Figure 6.9 shows spectra of the

scattered signal at various propagation distances.

3.0 mm 2.0 mm 3.0 mm

770 770
Wavelength (nm) Wavelength (nm) Wavelength (nm)

(0.5 mm 0.5 mm

Wavelength (nm

Figure 6.9 Spectrally resolved signal for various propagation distances.

It can be clearly seen that the spectra maintain the same structure for all the
propagation distances. However, for large distances we observe an increased contribution

from other processes (cross-phase modulation, for example). In conclusion, if we want to
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study and separate the process of plasma formation from all the other phenomena, we
must use thin samples. We can take a closer look at the 3D data by observing spectra of

the scattered light at selected delay times (see Figures 6.10 and 6.11).

Spectra at various delays. Path length = 0.5 mm. Spectra at various delays. Path length = | mm.
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Figure 6.10 Selected spectra from Figure 6.9. The delay for the spectra
and the relative size of the signal are indicated in each graph.
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information. We can monitor, at each delay, how the probe light was affected by the
interaction with the electron plasma. Moreover, we can actually read the plasma induced

blue shifting at each pump-probe delay, for each propagation length. The results are

Spectra at various delays. Path length = 2 mm.

Spectra at various delays. Path length = 3 mm.
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Figure 6.11 Selected spectra from Figure 6.9. The delay for the spectra

and the relative size of the signal are indicated in each graph.

The measured spectra provide a wealth of quantitative and qualitative

summarized in Figure 6.12.
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Figure 6.12 Plasma induced blue shifting for various propagation
distances. The blue shifting increases rapidly over the first 50 ¢ m, stays

constant up until 2 mm and then decreases.

The blue shifting increased rapidly over the first 50 g m, suggesting that electron

density increased rapidly in time over the same distance. This is in good agreement with

the observation that the light self-focuses over a distance of 50 x# m. Once the light forms

a filament, the ionization rate inside the plasma column is constant, hence a constant blue
shift at each path length up to 1.8 — 2.0 mm. After 2 mm the filament is destroyed, the
intensity of the light drops dramatically and so do the ionization rate and the amount of
blue shifting. This is a very important piece of information since it enables us to correctly

use this “threshold” distance when calculating the ionization rates.
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In conclusion we used an experimental technique that allowed us not only to
monitor in real time the dynamics of the plasma formation, the changes induced in the
spectrum of the plasma and the length of the filament, but also to obtain quantitative
information (the amount of blue shifting) about the ionization rates inside the filament.
This is a direct measurement and we get all the information without employing a
theoretical model to fit our data and then extract numerical values for certain parameters

related to plasma properties, as is the case with the damage studies, for example.
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CHAPTER 7

CONCLUSIONS

The study of the interaction of ultrashort laser pulses with transparent materials is
an active research area and will certainly continue for some time. The reasons are that the
physics of the extremely nonlinear processes remains unknown and new applications
drive more research in this area. Some unsolved issues are addressed in this thesis, but
others still remain unsolved.

Using a pump-probe technique, electron plasmas were excited in several
transparent materials by femtosecond laser pulses and plasma induced spectral
modifications were observed. By measuring the plasma induced blue shifting, the peak
ionization rates and conduction band electron densities were determined. In particular, we
found that blue shifted spectra are determined by the strength of self-focusing in each
material, the effect of the plasma defocusing and the band gap of the material. In our
experiment we show that the time-delayed probe spectra provide a quantitative measure

of the amount of plasma blue shifting and it is directly related to the electronic excitation

118



rate. The maximum blue-shifts were obtained in sapphire (A4, ~ 75 nm), while in water

(AA,.~ 28 nm), fused silica (A4, ~ 32 nm) and methanol (A4, ~ 26 nm) the shifts

were more modest. These values translate in ionization rates of the order of 10'7-10"

electrons/ (fs ' *cm”). There is a widespread consensus in the field that in the ultra-short
pulse regime, below the damage threshold, the dominant mechanism is the multiphoton
ionization and that the avalanche ionization plays no role or its role is negligible. Our
measured ionization rates are consistently larger that the theoretical rates given by
Keldysh theory. This is in accord to what some research groups found, but it contradicted
others.

Absorption experiments, that separate the two excitation processes and identify
the relative role played by each in the ionization of the media, were also performed. The
idea underneath these experiments is a very simple one: since the two ionization
processes have different intensity dependence, the absorption of light in the medium
should have a different dependence. Therefore it should be possible to distinguish the two
mechanisms by looking at the energy dependence of the absorption. First observation is
that we generated white light for each laser pulse wavelength employed except when
using light at 400 nm. No matter how hard we pumped the sapphire crystal we could not
damage it or generate other colors for this particular wavelength. We observed from the
experimental results using light at 1200 nm, 800 nm and 590 nm that for small input
energies the light simply propagated linearly; this region corresponded to a slope equal to
1. However, at the point where the continuum generation first appeared we observed a
change of the slope in both set of data. There was a nonlinear slope in the curve that

stoped exactly at the point where the continuum generation was fully formed. We
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considered the nonlinear slope as an indication of a multiphoton process corresponding to

an absorption that varies as I, with k being the number of photons required to cross the
band gap. When the multiphoton process stoped, which was when the continuum
generation fully developed, the slope changed to a sublinear one. We attributed this
change in slope to a change in the ionization mechanism. From our result we could see
that the avalanche ionization had a very important contribution (~ 70%) in sapphire and
its contribution decreased (15% in methanol) as the band gap of the materials decreased.
Our result challenges most of previous studies where the avalanche ionization was
thought to play a minor role, if any and it separates, for the first time to our knowledge,
the contribution of the two mechanisms to the creation of electrons in the conduction

band in a solid.
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