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ABSTRACT

Ultrashort lasers that generate laser pulses down to picosecond and femtosecond

range have advanced over the past decade from delicate lab systems to robust in-

dustry machines. The availability of stable ultrashort laser systems opens up a wide

range of exciting applications from transparent material processing such as waveg-

uide fabrication to bio applications such as cell ablation. The fundamental aspects

of ultrashort pulse material interaction are still remaining an active research topic.

Here, we focus on the investigation of how ultrashort pulses, particularly picosec-

ond laser pulses, interact with the bulk of transparent materials such as borosilicate

glass, fused silica and sapphire. We investigate damage inside the bulk of borosil-

icate glass, fused silica, and sapphire by a single shot of IR picosecond laser pulse

experimentally. In our experiments, extended bulk damage tracks with an aspect

ratio of about 1:10 are generated. The damage morphology in each of the material

is found to be di�erent. We also numerically model pulse propagation and electron

dynamics in borosilicate glass and fused silica in both picosecond and femtosecond

regimes. The shape and size of the damage sites are shown to correspond to an

electron cloud with density of about 1020 cm� 3. The underlying mechanism of elec-

tron generation by multiphoton ionization and avalanche ionization is numerically
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investigated. The multiphoton ionization rate and avalanche ionization rate are

determined by �tting experimental results. The relative role of multiphoton ioniza-

tion and avalanche ionization are numerically studied and the percentage of electron

contribution from each ionization channels are investigated.
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CHAPTER 1

Introduction

Laser, the short name for light ampli�cation by stimulated emission of radiation,

was invented in the 1960s. Right after laser's invention, people started using it

for material modi�cations. Further developments of laser systems generated more

powerful lasers with high quality beam that made controllable material processing

possible. And laser started becoming a unique versatile tool that could process

materials in a contactless fashion.

In the 1990s, two inventions of mode locking mechanisms completely revolution-

ized the laser industry: semiconductor saturable absorber mirrors mode locking[1]

and Kerr lens mode locking[2]. These two new mode locking mechanisms make

stable ultrashort picosecond and femtosecond pulses possible. With the broad gain

bandwidth of Ti:sapphire crystal, pulses of a few optical cycles are generated[3]. To-

gether with chirped pulse ampli�cation[4], ultrashort pulses with intensity of more

than 1013 W=cm2 are commercially available. These inventions opened up new chap-

ters of light-matter interactions that are not possible before.

Ultrafast lasers are ubiquitous in a wide range of applications in modern indus-

try. Here we focus on the fundamental mechanisms of ultrashort pulse interaction
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with transparent materials such as glass and its applications to micro-welding[5],

waveguide writing[6, 7], and glass cutting[8].

The mechanisms of bulk material modi�cation by ultrashort laser pulses are still

an active research topic[9, 10, 11, 12, 13, 14, 15]. The general physical picture of

internal transparent material modi�cation can be described as the following pro-

cesses. When a high intensity laser pulse focuses inside a bulk material, electrons

are excited from valence band to conduction band through multiphoton ionization

and subsequent avalanche ionization at the focal volume. The excited electrons form

a plasma cloud and absorb part of the pulse energy, which eventually transfers to

the lattice through electron phonon interaction and heat up the bulk of the material.

A general timescales of the event is shown in Figure 1.1

Figure 1.1: High level timescale of events during ultrashort pulse laser material
interaction. Reprinted with permission from reference[16].

The laser pulse duration plays a big role in material modi�cation. Intense pulses



18

excite electrons from valence band to conduction band, the excited electrons dis-

tribute energies among themselves via carrier-carrier scattering and this process

typically happens on a time scale of 10 - 100 fs or so. The energy absorbed by the

electrons transfer to lattice via a slower process called carrier-phonon scattering that

happens on a time scale of 10 ps or so.

For pulse durations that are longer than the carrier-phonon scattering time,

a good amount of energy is transferred to the lattice during the laser pulse and

the excited lattice phonons transfer energy further to the surroundings of the focal

volume via thermal di�usion. If the temperature in the a�ected zone becomes high

enough, material will melt, or even crack due to high tension gradient, and leave

a permanent damage mark. Damage threshold of this thermal driven long pulse

ablation follows a square root of the pulse duration rule[17].

However, for pulse duration of 10 ps or less, the damage mechanism is di�erent

and the square root rule is violated[17]. In this regime, the energy deposition and

energy relaxation via carrier-phonon interaction is decoupled, thus the thermal im-

pact to the adjacent area is minimized result an minimum heat a�ected zone with

much less collateral damages[18]. This gives ultrashort pulses the unique advantage

of generating more precise features with less heat impact to the material.

When the material is exposed to multiple pulses with pulse to pulse interval less

than the thermal di�usion time of the material, the heat will accumulate at the
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focal region and the temperature at the focal region will increase to a few thousands

degrees [19, 20]. The internal modi�cation of glass by multiple ultrashort laser pulses

with high repetition rate has been demonstrated experimentally[21, 22, 23, 24, 25,

26] and the shape of the modi�ed structure has been studied numerically[22, 11].

However, the fundamental picture of how electrons are generated during the very

�rst pulse of the entire pulse train that leads to material modi�cation is still not

very clear. The initial electrons are crucial to the plasma generation and energy

relaxation not only within the �rst pulse but also to the subsequent pulses in a

multiple pulse scenario.

We speci�cally aim to understand laser modi�cation in the bulk of transparent

materials such as borosilicate glass, fused silica and sapphire by using a single shot

of ultrashort laser pulse to probe the initial picture. The material used in our study

is of strategic importance and it is widely used in modern industry. The pulse

duration we choose in our experimental study is a widely available picosecond pulse

with duration of 10 ps. Later, we expand the investigation from 10 ps down to 500 fs

in our numerical investigation.

In chapter 2, we brie
y mention the key enablers in generating ultrashort pulses

of practical use.

In chapter 3, we discuss the typical phenomenon of propagating ultrashort pulses

in transparent materials including di�raction, dispersion, self focusing, self phase
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modulation, photon ionization, avalanche ionization, plasma defocusing, and plasma

absorption.

In chapter 4, we present experimental results of bulk material modi�cation in

borosilicate glass, fused silica, and sapphire. Laser modi�cation tracks with high

aspect ratio are generated by a single shot of picosecond laser pulse. We found the

characteristics of the laser-modi�ed region are vastly di�erent for the materials we

investigated.

In chapter 5, we present a model for pulse propagation and electron generation

in transparent materials. We also present an algorithm to implement the model in

Matlab.

In chapter 6, we present simulation results of pulse propagation and electron

generation in borosilicate glass, and fused silica. We also expand our model to

femtosecond pulse durations and compare pulse propagation and electron behaviors.

In chapter 7, we discuss ultrashort pulse applications in laser welding, waveguide

writing and glass cutting.

In chapter 8, we conclude the thesis and provide outlook for future research.
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CHAPTER 2

Generation of ultrashort pulses

In 1960, the �rst laser was demonstrated by Theodore Maiman[27, 28, 29], which

marked a new age of light generation. Unprecedented applications have been enabled

ever since.

It is very hard to cover all the details of the remarkable history of laser develop-

ments in this thesis. However, two inventions in generating ultrashort laser pulses

deserve our attentions here. One is the invention of passive mode locking by SEmi-

conductor Saturable Absorber Mirror(SESAM)[30], which pushed the pulse width

down to picosecond range. The other is the discovery of Kerr lens mode locking,

which further pushed down the pulse width to femtosecond range[31, 32].

2.1 Picosecond pulse generation

Mode locking is the technique of inducing a �xed phase relation between the longi-

tudinal modes of the laser cavity. The in-phase longitudinal modes constructively

interfere with each other and generate a train of short pulses. There are two types

of mode locking schemes: active mode locking and passive mode locking.
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In active mode locking, there is typically an electro-optical modulator involved

to modulate the intracavity loss. The pulse duration is limited by the modulating

signal. In passive mode locking, there is no external signal used. Instead, the pulse

itself triggers the intracavity loss and gain modulation. Thus, much shorter pulse

duration can be generated[30].

SESAMs are a breakthrough mechanism for passive mode locking material that

open up stable picosecond or even shorter pulse generation with long term stability.

SESAMs have the properties of low loss at high pulse intensity and high loss at low

intensity, which enables passive mode locking. There are a few key parameters that

govern how short of a pulse a SESAM can support, including its wavelength range

of absorption, its dynamic response time of recovery, and its saturation intensity.

With the SESAM mode locked seed generator and a master oscillator power

ampli�er, the output pulse energy can reach a few hundredµJ with pulse duration

of < 10 ps, repetition rate up to MHz while maintaining good beam quality with

M2 < 1:3[33]. The high pulse energy is extremely important to enable practical

industrial applications such as cutting, drilling and welding in a cost e�ective way.

A typical scheme of generating high power picosecond laser pulse can be found

in reference[34]. The low energy pulse coming out of the seed oscillator goes through

4 stages of ampli�cation and reach a few hundredµJ pulse energy at the output[34].
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2.2 Femtosecond pulse generation

To further reduce the pulse width, faster passive mode locking mechanisms that

can support larger bandwidth need to be introduced. In 1990, two groups acci-

dentally generated 190 fs and 60 fs laser pulses from a Ti:sapphire laser that either

had a slow dye saturalble absorber with slow recovery time which would not sup-

port femtosecond pulse or had no visible saturable absorber at all[31, 2]. The mode

locking mechanism was soon explained by Kerr lens e�ect. Kerr lens mode locking

is obtained via a Kerr lens in intracavity material where refractive index depends

on pulse intensity �n = n2I (r; t ), where n2 is the nonlinear index andI (r; t ) is the

pulse intensity. With an additional hard aperture in the cavity, only high inten-

sity pulses will self-focus sharply enough to avoid di�ractive losses at the aperture

and see round-trip ampli�cation. The Kerr lens mode locking mechanism is inher-

ently broadband and spontaneous. Thus, pulses down to a few femtosecond can be

generated.

Femtosecond pulses can have very high peak power and under such high peak

power, laser rod material can be damaged which prevents the pulses to get ampli�ed

further. A typical femtosecond oscillator generates nanojoule level pulse energies.

To further amplify femtosecond pulses, a chirped pulse ampli�cation scheme was

invented, which won the 2018 Nobel prize[35]. It involves stretching the seed pulse
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in time by a few orders of magnitude, and then amplifying the stretched pulse

without reaching the threshold for material damage or non-linearity as the peak

power is now low. Then the ampli�ed pulse is compressed to the original pulse

duration[36]. The pulse stretcher and compressors can be achieved using dispersive

components such as gratings. A typical scheme of ultrashort pulse ampli�cation is

shown in Figure 2.1

Figure 2.1: Schematic of a chirped pulse ampli�cation laser system. Adapted from
reference[36]. Reprinted with permission from Lawrence Livermore National Labo-
ratory.

Kerr lens mode locking and chirped pulse ampli�cation enable unprecedented

femtosecond laser pulse energy and peak power, which opens door to a new regime

of material interaction and precision material processing[16].

In the next chapter, we will discuss common nonlinear phenomenon generated
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by ultrashort pulses in transparent materials.
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CHAPTER 3

Ultrashort pulse phenomenon in transparent materials

Electromagnetic waves propagate following the four Maxwell equations[37],

r � E = �
@B
@t

(3.1)

r � B = � 0(J +
@D
@t

) (3.2)

r � E =
�
"0

(3.3)

r � B = 0 (3.4)

whereE and B are the electric and magnetic �elds,D is the electric displacement

�eld, J is the free charge current density,� is the free charge density,� 0 is the free

space permeability, and"0 is the free space permittivity.

By applying a curl operation on both side of equation 3.1 and inserting equation

3.2 into the right hand side, we obtain the wave equation that de�nes the propagation

of laser pulse in a transparent material, equation 3.5.

r 2E � r (r � E) = � 0(
@J
@t

+
@2D
@t2

) (3.5)

In isotropic and homogeneous media, the displacement relation is expressed by

D = "0E + P (3.6)
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The response of the medium can be described by a linear part ofP (1) in the weak

�eld regime and a nonlinear partP (NL ) in the strong �eld regime. In the weak �eld

regime, the �rst-order polarization is a linear function of the electric �eld,

P = P (1) + P (NL )

= "0� (1) E + "0� (2) EE + "0� (3) EEE + � � �

(3.7)

Equation 3.5, 3.6, and 3.7 are the starting point of describing laser pulse propa-

gation in transparent medium and its associated linear and nonlinear phenomenon.

3.1 Di�raction

Di�raction is the most common e�ect when propagating a laser beam; it will always

occur no matter in vacuum or in transparent medium. The mathematical description

of di�raction is in the �rst term on the left hand side of equation 3.5. For a Gaussian

beam, the severity of di�raction e�ects are expressed using the Rayleigh Length,

which is the propagation distance at which the beam width increases by a factor of

p
2 is[38],

zR =
�n 0w2

0

� 0

(3.8)

wherew0 is the beam waist,� 0 is the laser wavelength, andn0 is the refractive index

of the medium.



28

3.2 Dispersion

Ultrashort pulses have wide spectrum. Typically for a pulse duration of 100 fs, the

pulse bandwidth will be greater than 10 nm. When pulses that carry many frequency

components propagate in transparent materials such as glass, di�erent frequencies

will travel at a slightly di�erent speed. In the normal dispersion region, red fre-

quencies travel faster than blue frequencies. This leads to the initial overlapped

frequency components becoming spread over time and space with red frequencies in

the leading part of the pulse and blue frequencies in the trailing part of the pulse.

This e�ect is the so called group velocity dispersion and can be characterized by the

dispersive length[38],

LGV D =
t2
p

2k00
(3.9)

wheretp is the pulse duration,k00= @2k=@!2j ! 0 is the coe�cient of the second order

Taylor expansion ofk(! ) = n(! )!=c around the central frequency! 0.

3.3 Self focusing

The refractive index of a material depends on the incident pulse intensity distri-

bution in the nonlinear regime. The intensity dependent index can be expressed

by[39],

n = n0 + n2I (r; t ) (3.10)
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The nonlinear Kerr indexn2 is related to the third order susceptibility � (3) by[39],

n2 =
3� (3)

4"0cn2
0

(3.11)

The nonlinear coe�cient n2 is typically positive, which leads to higher refractive

index in the presence of intense pulse. For a Gaussian beam, the on axis intensity

is the highest and the index pro�le in the transverse plane follows the intensity

distribution of the beam similar to the e�ect of a positive focusing lens. This self

focusing e�ect can lead to beam collapse in the absence of other saturating e�ect,

as shown in Figure 3.1.

Figure 3.1: Self focusing of a beam by Kerr lens e�ect, when self focusing is stronger
than di�raction and in the absence of other nonlinear e�ect the beam will collapse.

The strength of the self-focusing e�ect is characterized by a critical powerPcr

above which the beam will collapse[40]. The self-focusing critical power is given

by[40],

Pcr =
3:77� 2

0

8�n 0n2

(3.12)
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For � 0 = 1064 nm the critical power for self-focusing in glass is about 3.5 MW.

3.4 Self phase modulation

The self phase modulation e�ect is the appearance of new frequencies due to the

temporal variation of the intensity dependent indexn = n0 + n2I (r; t ). A simple

relation of frequency and phase can be expressed as,

! (t) = �
@�
@t

= ! 0 �
n2! 0

c
z

@I(r; t )
@t

(3.13)

The frequency depends on the slop of the pulse@I=@t; the leading pulse edge

generates longer wavelengths and the trailing edge of the pulse generates shorter

wavelengths. This e�ect is a major contributor in continuum generation that covers

wavelengths from visible to infrared spectrum.

3.5 Photon ionization

When an ultrashort pulse hits a transparent material, the pulse can experience the

above-mentioned e�ects such as self focusing and self phase modulation. In the

mean time, the medium itself will be ionized by the pulse and the plasma generated

in the process will in return have an e�ect on the pulse itself. There are two major

channels for electrons to jump from valence band to conduction band when excited

by an ultrashort pulse, multiphoton ionization and tunneling ionization.
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For an extremely strong laser �eld, the process falls into the tunneling ionization

regime. In this process, the laser �eld is so strong that it bends the Coulomb well

that con�nes a valence band electron and the electron tunnels through the barrier

and becomes free, as shown in Figure 3.2(b).

Figure 3.2: Schematic diagram of multiphoton ionization(a) and tunneling ioniza-
ton(b) for di�erent values of the Keldysh parameter
 .

For strong �elds which are not quite strong enough to cause tunneling ionization,

the process falls into the multiphoton ionization regime. The multiphoton ionization

process supplies multiple photons simultaneously to promote a valance band electron

to the conduction band, as shown in Figure 3.2(a).

Keldysh theory describes both phenomenon in the same framework[41]. The

relative role of multiphoton ionization and tunneling ionization can be characterized
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by the Keldysh parameter,


 =
! 0

p
mUi

eE
(3.14)

where ! 0 is the laser frequency, m is the reduced electron mass, e is the electron

charge, Ui is the band gap of the material,E is the electrical �eld envelope that

relates to the laser intensity by

I =
1
2

"0cn0E2: (3.15)

When 
 < 1, the photon ionization is dominated by the tunneling process. When


 > 1, the photon ionization is dominated by the multiphoton ionization process.

When 
 � 1, both tunneling and multiphoton ionization will play a role[9].

In Figure 3.3, we plot the photon ionization rate vs the laser intensity for wave-

length of 1064 nm and band gap of 3.7 ev in borosilicate glass follow the Keldysh

formula[41],

WP I (jEj) =
2! 0

9�
(
! 0m

�h
p

�
)3=2Q(
; x )exp(� � dx + 1e) (3.16)

� = 
 2=(1 + 
 2) (3.17)

� = 1 � � (3.18)

Q(
; x ) =
r

�
2K (�)

� � 1
n=0 exp(� n� )�[

p
� (n + 2v)] (3.19)

� = �
K (�) � E(�))

E(�)
(3.20)

� =
� 2

4K (�) E(�)
(3.21)
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Figure 3.3: Photo ionization rate as a function of laser intensity at a wavelength of
1064 nm in borosilicate glass with bandgap of 3.7 eV. The solid line is based on the
full expression of equation 3.16. The dashed line is an MPI approximation.
.

x =
2Ui

� �h! 0

p
�

E(�) (3.22)

v = dx + 1e � x (3.23)

whered� � �e denotes the integer part,K and E are the elliptical integral of the �rst

and second kind, � is the Dawson function �( z) =
Rz

0 exp(y2 � z2)dy.

At an intensity level of 1013 W=cm2 or less, the photon ionization rate can be

approximated well by the multiphoton ionization rate WP I = � K I K � at as shown in

the dashed line in Figure 3.3.
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3.6 Avalanche ionization

The electrons in the conduction band excited by the photon ionization process will

further accumulate energy in the laser �eld and become even more energetic. This

electron can then collide with another valance band electron and transfer part of

the energy to it. The result is two conduction band electrons after collision. And

these ionized electrons can further impact more valence band electrons in the wake

of the laser �eld and become an avalanche process.

3.7 Plasma generation

The evolution of electron density� describing photon ionization and avalanche ion-

ization can be written as[9],

@�
@t

= WP I + �� jEj2 �
�
� r

(3.24)

where WP I is the photon ionization rate, � = �=U i is the avalanche ionization

coe�cient, � is the cross section for inverse Bremsstrahlung process[42] following

the Drude model, and� r is the electron recombination time.

3.8 Plasma absorption and defocusing

When the medium is ionized by intense pulses, the plasma will absorb part of the

pulse energy and defocus the beam to stop the beam from collapsing to singularity.
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The evolution of plasma current density follows the Drude model[43],

@J
@t

+
J
� c

=
q2

e

me
� E (3.25)

where� c is the electron collision time. Solving equation 3.25 in the Fourier domain

we can get,

!
c

J
"0c

= k(! )� (! )� E (3.26)

� (! ) =
! 0

n(! )c� c

! 0� c(1 + i!� c)
(1 + ! 2� 2

c )
(3.27)

where� c = "0me! 2
0=q2

e is the critical plasma density above which the plasma becomes

opaque to the laser beam. The real part of� (! ) is equal to the cross section for

inverse Bremsstrahlung. The real part of the current in equation 3.26 accounts for

plasma absorption and the imaginary part accounts for plasma defocusing[44].

3.9 Conclusions

In conclusion, we discussed some common e�ects including di�raction, dispersion,

self focusing, self phase modulation, photon ionization, avalanche ionization, plasma

generation, plasma absorption and plasma defocusing in ultrashort pulse interaction

with transparent materials.

In Chapter 5, we will couple all the phenomenon discussed above into a pulse

propagation model to have a full picture of ultrashort pulse propagation in trans-

parent materials.
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CHAPTER 4

Bulk modi�cation by ultrashort pulse

In this chapter, we present experimental results of ultrashort pulse material mod-

i�cation in three types of important materials: borosilicate glass, fused silica, and

sapphire. To understand the fundamental picture of material interaction and the

morphology of the laser modi�ed region, we focus on studying a single shot of pi-

cosecond laser pulse in the bulk of the materials.

The experimental setup used in our study is shown in Figure 4.1. The laser source

is a commercially available Nd:YAG system from Lumentum. It delivers 10 ps pulses

at a center wavelength of 1064 nm with a repetition rate up to 8.2 MHz. The output

beam intensity has a close to perfect Gaussian distribution. The maximum available

pulse energy from the system is about 400µJ, which is more than enough for the

pulse energy needs in our experiments. The pulse energy is attenuated by a half-

wave plate and two prism wedges combination. The �rst prism wedge is positioned

close to the Brewster's angle of the incoming laser beam. This attenuation scheme

combined with the analog laser power control enables us to continuously adjust

the pulse energy down to sub-microjoule level while maintaining relatively pure

polarization state of the attenuated laser beam. A similar method has been used
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in previous study[45]. An in�nity-corrected microscope objective with numerical

aperture of NA=0.25 is used to focus the beam into the bulk of borosilicate glass

plate. The spot size in our experiments is about 5µm.

Figure 4.1: Schematic of the experimental setup, WP:�= 2 plate; PW1, PW2: prism
wedge; Telescope: telescope beam expander, OBJ: microscope objective

The glass plate is mounted on a linear motorized stage. To ensure single shot

exposure, the laser system is operated at a repetition rate of 2 kHz while the stage is

translated at a speed of 200 mm/s. The combined e�ect is a pulse to pulse distance

of about 100µm, which is about 20 times larger than the spot size. The sample and

linear motorized stage are mounted on a precision Z-positioning stage that can be

accurately adjusted to tune the focal position. A careful adjustment procedure has

been implemented to make sure the beam is focused about 100µm underneath the

borosilicate glass surface. The pulse energy is carefully measured at the output of

the objective with a precision power meter. To visualize the modi�ed region, we use

a high magni�cation optical microscope with backside illumination to observe the
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laser modi�ed region from the side edge of the glass plate.

4.1 Borosilicate glass

Borosilicate glass is one of the most popular glasses used in applications from con-

tainers to wind shield. It has stable chemical and physical properties, and most

importantly it is available at very cheap price. It is in every aspect of modern

life, thus, it is critical to understand ultrashort pulse interaction with it and its

modi�cation morphology.

The borosilicate glass plate used in our experiments has thickness of about 1 mm.

The experimental results of ultrashort pulse modi�cation inside borosilicate glass

are shown in Figure 4.2. For all the cases, we found no surface damage on the glass

plate. At around pulse energy of about 1µJ, we start observing bulk modi�cation

inside the borosilicate glass plate. The length of the modi�cation site increases as we

increase the pulse energy from 1µJ to 5µJ. The starting point of the modi�cation

shifts towards the incoming laser beam as the increased nonlinear e�ects cause

the beam to generate plasma sooner. This phenomenon is also observed in other

studies[21, 22, 11].

At pulse energy of 5µJ, the modi�cation track reaches to a length of about

38µm, which is about 1.4 times of the Rayleigh length under our focusing geometry.

The modi�cation track has an inner width to length aspect ratio of about 1:10 at
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Figure 4.2: Modi�cation created inside borosilicate glass using single shot of picosec-
ond laser pulse. The focal position is marked by the dashed line. The laser beam is
propagating from top to bottom. The pulse energy is chosen to produce from just
visible laser modi�cation to obvious modi�cation tracks inside the glass plate. For
the cases shown here, the pulse energy are (a) 1µJ, (b) 2 µJ, (c) 3µJ, (d) 5 µJ.

this energy level. The morphology of the modi�cation track appears to have distinct

inner and outer features where the inner modi�cation zone appears to be darker with

a hollow like shape. Similar morphology has been observed using tightly focused

Gaussian beams in fused silica and sapphire[15, 46].

Compared to multiple pulse irradiation, we do not observe a thermal impacted

zone outside of the modi�cation track that extends to 50µm or more[21]. And this

can be understood as no signi�cant heat accumulation in the single shot scenario.

However, the features of the modi�cation track are more rich in the single pulse case

as shown in Figure 4.2 as it is revealing nonlinear phenomenon such as self focusing.
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4.2 Fused silica

Fused silica is another important material that has wide applications in modern

optics. It acts as the basic building block for lots of applications such as lasers,

microscopes, �bers etc.. Because of its strategic importance, it has been actively

studied in the optics community and ultrashort pulse interaction with fused silica

is an active research topic.

The fused silica glass plate used in our experiments has a thickness of about

3 mm. And we use the same setup as mentioned in section 4.1 to generate single

shot modi�cation in the bulk of fused silica glass.

The experimental results of ultrashort pulse modi�cation inside fused silica glass

are shown in Figure 4.3. For all the cases, we found no surface damage on the glass

plate. At around pulse energy of about 1.5µJ, we start observing bulk modi�cation

inside the fused silica glass plate. The length of the modi�cation track increases as

we increase the pulse energy from 1.5µJ to 3µJ. And the starting point of the mod-

i�cation track shifts towards the incoming laser beam as nonlinear e�ect drives the

plasma generation towards the incoming beam when we increase the pulse energy.

This is similar to what we observed in the borosilicate glass case.

The morphology of the modi�ed region in fused silica glass is di�erent from

borosilicate glass as shown in Figure 4.3. At pulse energy of 3µJ, the modi�cation
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Figure 4.3: Modi�cation created inside fused silica glass using single shot of picosec-
ond laser pulse. The focal position is marked by the dashed line. The laser beam is
propagating from top to bottom. The pulse energy is chosen to produce from just
visible laser modi�cation to obvious modi�cation tracks inside the glass plate. For
the cases shown here, the pulse energy are (a) 1.5µJ, (b) 2 µJ, (c) 2.5µJ, (d) 3 µJ.

track reach to a length of about 44µm. In the fused silica glass, there is no hollow

type inner core structure presenting. Instead, the center appears to be dark and at

around 3µJ there appears to be cracks generated as shown in Figure 4.3(d).

4.3 Sapphire

Sapphire is the second hardest material on earth next to diamond. It is widely

used in ultrafast lasers as a gain medium. And recently has been used to generate

super high pressure microexplosions in a lab scale setup[46]. Here we study how a

common industrial ultrashort pulse laser interacts with sapphire to understand the

basic modi�cation morphology.

The sapphire plate used in our experiment is a C-plane cut sapphire with thick-
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ness of about 0.5 mm. And we use the same setup as mentioned in section 4.1 to

generate single shot laser modi�cation in the bulk of sapphire.

The experimental results of laser modi�cation inside sapphire are shown in Fig-

ure 4.4. For all the cases, we found no surface damage on the laser entrance surface.

At a pulse energy of about 1µJ, we start observing bulk modi�cation inside the sap-

phire plate. The length of the modi�cation track increases as we increase the pulse

energy from 1µJ to 3µJ. And the starting point of the modi�cation track shifts

towards the incoming laser beam as nonlinear e�ect drives the plasma generation

towards the incoming beam when we increase the pulse energy. This is similar to

what we observed in the borosilicate glass and fused silica cases.

The morphology of the laser modi�ed region in sapphire is di�erent from both

borosilicate glass and fused silica as shown in Figure 4.4. At a pulse energy of

1µJ, we start observing beaded structures that spread along the beam propagation

axis. When we increase the pulse energy, the beaded structure become more obvious

with darker core and spread further along the propagation axis. At pulse energy of

2.5µJ, the beaded structure extended to a length of more than 30µm. The beads

appear in the front portion, and become obvious with hollow type structures. The

beaded structure then disappears towards the tail of the modi�ed region as shown in

Figure 4.4(d), indicating the pulse energy dissipated before reaching the geometrical

focus.
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Figure 4.4: Modi�cation created inside sapphire plate using single shot of picosecond
laser pulse. The focal position is marked by the dashed line. The laser beam is
propagating from top to bottom. The pulse energy is chosen to produce from just
visible laser modi�cation to obvious modi�cation tracks inside the sapphire plate.
For the cases shown here, the pulse energy are (a) 1µJ, (b) 1.5µJ, (c) 2µJ, (d)
2.5µJ.

4.4 Conclusions

In conclusion, we demonstrated single shot ultrashort pulse modi�cation in trans-

parent materials such as borosilicate glass, fused silica, and sapphire. In our study,

we used an industrially available and widely used picosecond laser source operating

at 1064 nm wavelength with pulse duration of 10 ps. We observed focus shift to-

wards the incoming laser beam for all the materials driven by nonlinear e�ects such

as self focusing and self phase modulation. The morphology of the laser modi�ed

regions are signi�cantly di�erent from borosilcate glass to fused silica to sapphire.
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The features of a single-shot-pulse modi�ed region also show di�erent characteristics

compared with multiple pulse irradiation. In the following chapters, we will present

a pulse propagation model and study the pulse behavior numerically.
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CHAPTER 5

Model of ultrashort pulse propagation and electron dynamics

In this chapter, we put together the phenomenon discussed in chapter 3 into a com-

plete model that describes pulse propagation in transparent material. We brie
y

introduce the extended Crank-Nicolson scheme that has been used for solving nonlin-

ear di�erential equations, particularly in the format of nonlinear pulse propagation

and �nally we present an algorithm to implement the Crank-Nicolson scheme in

Matlab.

5.1 Model pulse propagation

Insert the electric �eld displacement 3.6 into the wave equation 3.5 we get,

r 2E � r (r � E) �
1
c2

@2

@t2

Z t

�1
" (t � t0)E(r; t 0; z)dt0 = � 0(

@J
@t

+
@2P
@t2

) (5.1)

whereE, J, and P depend on space-time domain (r; t; z ).

The frequency domain representation of equation 5.1 can be expressed more

concisely as,

r 2Ê � r (r � Ê) +
! 2n(! )2

c2
Ê = � 0(� i! Ĵ � ! 2P̂ ) (5.2)

whereÊ, Ĵ, and P̂ depend on space-frequency domain (r; !; z ).
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To simplify the vectoral wave equation 5.2, we assume the electric �eld is lin-

early polarized and the polarization direction is perpendicular to the propagation

direction de�ned by the wave vectork. The medium response termsJ and P are

also transverse. This assumption is valid for laser beam propagation that is not too

strongly focused[44]. Under this assumption the second termr � Ê on the left hand

side can be neglected. Rewriting equation 5.2 in a scalar form by projecting the

�eld to the polarization direction, we get[44],

(@2
z + r 2

? )Ê + k(! )2Ê = � 0(� i! Ĵ � ! 2P̂ ) (5.3)

wherek(! ) = n(! )!=c .

Change the lab frame to the pulse local frame to follow the pulse in its motion

by introducing,

z ! z; � ! t � z=vg (5.4)

@z = @z � (1=vg)@� ; @t = @� (5.5)

wherevg = @!=@kj ! 0 is the group velocity of the pulse.

Inserting @z ! @z + i (!=v g) into equation 5.3, we get,

@2
z Ê + 2 i

!
vg

@zÊ = �r 2
? Ê � [k(! )2 �

! 2

v2
g

]Ê �
! 2

c2

P̂
"0

� i
!
c

Ĵ
"0c

(5.6)

The pulse propagation model, the electrical �eld is typically described by a �eld
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envelope function with a carrier wave of frequency! 0,

E(r; t; z ) = E(r; t; z )exp(ik 0z � i! 0t) (5.7)

In the local pulse frame, using the relation in equation 5.4, we get,

E(r; �; z ) = E(r; �; z )exp(i (k0 � ! 0=vg)z � i! 0� ) (5.8)

So the derivative in local pulse frame reads,

@zE = exp(i (k0 � ! 0=vg)z � i! 0� )[@z + i (k0 � ! 0=vg)]E (5.9)

@2
z E = exp(i (k0 � ! 0=vg)z � i! 0� )[@z + i (k0 � ! 0=vg)]2E (5.10)

Rewriting equation 5.6 with the help of envelop decomposition relation 5.9 and

5.10, we get,

@2
z Ê + 2 i� (! )@zÊ = �r 2

? Ê � [k(! )2 � � (! )2]Ê �
! 2

c2

P̂
"0

� i
!
c

Ĵ
"0c

(5.11)

where� (! ) = k0 + ( ! � ! 0)=vg

Under the slow variation approximation, the �eld amplitude and phase are evolv-

ing su�ciently slow along the propagation direction[44], which suggests,

j@2
z Ê j << j2i� (! )@zÊ j (5.12)

Neglecting the �rst term in equation 5.11, we get[44],

@zÊ =
i

2� (! )
r 2

? Ê + i
k(! )2 � � (! )2

2� (! )
Ê +

i
2� (! )

! 2

c2

P̂
"0

�
1

2� (! )
!
c

Ĵ
"0c

(5.13)
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For a narrow spectrum pulse, we may only consider the second order dispersion,

and neglect higher order dispersive terms[44],

k(! )2 � � (! )2

2� (! )
= ( k(! ) � � (! )) +

(k(! ) � � (! ))2

2� (! )
� k00=2(! � ! 0)2 (5.14)

Under the narrow spectrum approximation,� (! ) � k0 and ! � ! 0.

The pulse propagation equation in the form of an envelope function with slowly

varying envelope approximation, and narrow spectrum approximation can then be

expressed as,

@zÊ =
i

2k0
r 2

? Ê + i
k00(! � ! 0)2

2
Ê +

i
2k0

! 2
0

c2

P̂
"0

�
1

2k0

! 0

c
Ĵ

"0c
(5.15)

wherek00= @2k=@!2j ! 0 .

In space time domain, the pulse propagation equation 5.15 can be expressed as,

@zE =
i

2k0
r 2

? E � i
k00

2
@2E
@�2

+
i

2k0

! 2
0

c2

P
"0

�
1

2k0

! 0

c
J

"0c
(5.16)

Incorporating the phenomena we talked about in chapter 3 such as self focusing,

photon ionization, avalanche ionization, plasma absorption, and plasma defocusing

into the third and fourth term on the right hand side of equation 5.16, we get the

evolution of the �eld envelope of an ultrashort pulse in transparent materials[9],

@E
@z

=
i

2k
r 2

? E � i
k00

2
@2E
@�2

+ ik 0n2 jEj2 E �
�
2

(1 + i! 0� c)� E �
1
2

WP I Ui

jEj2
E (5.17)

The �rst term in the right hand side of equation 5.17 describes di�raction in the

transverse plane. The second term accounts for group velocity dispersion. The third
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term accounts for Kerr self-focusing with critical powerPcr = � 2=2�n 0n2 = 3:5 MW,

where n2 = 3:45 � 10� 16 cm2=W[11] is the nonlinear part of the refractive index.

The fourth term accounts for plasma absorption and plasma defocusing; the cross

section for inverse Bremsstrahlung follows the Drude model[9] and the cross section

� = k! 0� c=n2
0� c(1 + ! 2

0� 2
c ) = 9 :7 � 10� 19 cm2, where � c = 2:33 � 10� 14 s denotes

electron collision time and� c = 1021 cm� 3 is the critical plasma density at which

level the plasma becomes opaque[9]. The �fth term describes the photon ionization

of the media by the laser pulse, whereUi = 3:7 eV is the band gap of borosilicate

glass.

This model has been widely applied for propagating intense pulses in fused

silica[9], air[47], and liquids[48].

We model the linearly polarized beam by the electric �eld envelopeE of the

electric �eld E in cylindrical symmetry coordinates around the propagation axis z.

The electric �eld envelopeE at the starting position can be expressed by,

E(r; t; 0) = E0exp(� r 2=w2
0 � t2=t2p � ikr 2=2f ) (5.18)

where E0 is the amplitude of the initial �eld, w0 = wf (1 + d2=z2
f )1=2 is the beam

radius at the start position of the simulation, wf = 2:5µm is the beam waist, d is

the distance between the focus and the start position,zf = �w 2
f n0=� 0 = 27:7µm is

the Rayleigh length,tp = 10 ps is the FWHM pulse duration, k = n0! 0=c, n0 = 1:5
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for borosilicate glass,! 0 is the frequency of the carrier wave,f = d + z2
f =d is the

curvature of the beam at the starting position.

In the borosilicate case, the maximum intensity used isI = 2:54� 1012 W=cm2,

which corresponds to the Keldysh parameter
 = ! 0
p

0:64meUi =eE = 2[41]. When


 > 1, the multiphoton ionization process will be dominating, while
 < 1 the

tunneling ionization process will be dominant. Thus, we approximate the photon

ionization rate to the multiphoton ionization rate WP I = � 4I 4� at , where � 4 is the

cross section for a four photon process to promote an electron from valence band to

conduction band at 1064 nm in borosilicate glass.

5.2 Model electron generation

The electron excitation by the laser pulse from valence band to conduction band

can be described through a rate equation discussed in chapter 3 equation 3.24 [9],

@�
@t

= WP I + �� jEj2 �
�
� r

(5.19)

The �rst term on the right hand side describes the electron promotion through

multiphoton ionization and the second term describes electron generation through

avalanche ionization, whereWP I = � 4I 4� at , � = �=U i and � at = 2:1 � 1022 cm� 3

is the background atom density. The third term represents electron recombination

with a characteristics time� r = 150 fs in glass[49].
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5.3 Extended Crank-Nicolson scheme

In this section, we brie
y describe the numerical implementation of the pulse propa-

gation model using the extended Crank-Nicolson scheme[50]. The pulse propagation

model presented in equation 5.17 can be simpli�ed by two major portions, the linear

di�raction part and the nonlinear part, expressed as,

@E
@z

=
i

2k0
� ? E + N (E) (5.20)

where � ? = r 2
? .

Under the extended Crank-Nicolson scheme, equation 5.20 can be discretized

as[44],

E n+1
j � E n

j = i� (� j E n+1
j + � j E n

j ) + (
3
2

N n
j �

1
2

N n� 1
j ) (5.21)

where the coe�cients 3=2 and� 1=2 in the nonlinear terms are there to ensure second

order accuracy,� = � z=4k0(� r )2, and � j is the discretized di�raction operator,

� j E n
j = E n

j � 1 � 2E n
j + E n

j +1 +
v
2j

(E n
j +1 � E n

j � 1) (5.22)

wherev = 0 is for planar geometry andv = 1 is for cylindrical geometry.

Rearranging equation 5.21 by organizingE n+1
j to the left hand side andE n

j to

the right hand side of the equation, we get,

(1 � i� � j )E n+1
j = (1 + i� � j )E n

j + (
3
2

N n
j �

1
2

N n� 1
j ) (5.23)
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De�ning L � = 1 � i� � j and L+ = 1 + i� � j , we getE n+1
j ,

E n+1
j = ( L � )� 1(L+ E n

j +
3
2

N n
j �

1
2

N n� 1
j ) (5.24)

Equation 5.24 represents propagating the �eld by one step, repeatedly applying

it to the entire domain generates pulse propagation from the initial position to

the ending position. The overall stability of the scheme depends on the nonlinear

term, so a control of the z step �z is required, � z � k0(� r )2 is often found to be

su�cient[44].

5.4 Implementing Crank-Nicolson scheme

Grouping the nonlinear terms and rewriting the pulse propagation equation 5.17 in

the frequency domain, we get,

@̂E
@z

=
i

2K (
)
4 ? Ê + iD (! )Ê +

i
2K (
)

! 2P̂
c2"0

�
1

2K (
)
!
c

Ĵ
"0c

(5.25)

where Ê = Ê(r; 
 ; z), 
 = ! � ! 0, K (
) = K (
 ; k? = 0). The �rst term on the

right hand side denotes di�raction, the second term denotes dispersion, the third and

fourth terms denote nonlinear phenomenon such as self-focusing, plasma absorption,

plasma defocusing, and photon ionization.

The self focusing term is expressed as,

P̂
"0

= 2n0n2I Ê (5.26)
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The plasma absorption and defocusing term is expressed as,

!
c

Ĵ
"0c

= k� (! )� Ê (5.27)

where � (! ) can be found by equation 3.27. The real part of the current density in

equation 5.27 accounts for plasma absorption and the imaginary part accounts for

plasma defocusing.

The photon ionization term is expressed as,

Ĵ
"0c

= n0
WP I (I )Ui

I
Ê (5.28)

The photon ionization rate can be found by equation 3.16. For multiphoton ioniza-

tion WP I (I ) = � K I K � at , and � k is the cross section for multiphoton ionization.

Following the same format as presented in equation 5.21, the pulse propagation

equation 5.25 can be discretized by[44],

Ê n+1
j;l � Ê n

j;l = i� (4 j Ê n+1
j;l + 4 j Ê n

j;l ) + id l (Ê n+1
j;l + Ê n

j;l ) +
3
2

N̂ n
j;l �

1
2

N̂ n� 1
j;l

(5.29)

where

� l = �
k0

K l
=

� z
4(� r )2K l

(5.30)

dl =
� zD l

2
(5.31)

N̂ n
j;l =

i � z
2K l

! 2
l

"0c2
P̂n

j;l �
� z
2K l

! l

"0c2
J n

j;l
(5.32)
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Finally, the propagation of the �eld by one step can then be expressed as,

Ê n+1
j;l = L � 1

� ;l [L+ ;l Ê n
j;l + (3 N̂ n

j;l � N̂ n� 1
j;l )=2] (5.33)

whereL � ;l = 1 � id l � i� l � j , L+ ;l = 1 + id l + i� l � j

The above described pulse propagation model together with the electron rate

equation can then be simulated in program languages such as Matlab. Here we list

a high level description of the algorithm for simulating ultrashort pulse propagation

in transparent material[44].

Step 1, de�ne laser parameters, material constants(dispersion relation, non-

linearity)

Step 2, de�ne simulation domain

{ r � grid: r j = j � r , for j = 0; � � � ; Nr + 1

{ t � grid: t l = tmin + l� t, for l = 0; � � � ; N t + 1

{ ! � grid: ! l = ! 0 + l� ! , for l = 0; � � � ; N ! =2� 1, ! l = ! 0 � �= � t + l � ! ,

for l = N ! =2; � � � ; N ! � 1, with � ! = 2�= (N ! � t) and N ! = N t

{ calculate and storeK l , D l , dl , � l , pl = i � z
2K l

! 2
l

" 0c2 , ul = � � z
2K l

! l
" 0c2

Step 3, de�ne initial �eld, E 0
j;l = E(r j ; t l ; z = 0) follow equation 5.18, and

transfer the �eld to spectrum domain by FFT: Ê 0
j;l = FFT (E 0

j;l )
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Step 4, propagate the initial �eld and perform diagnostics each step and each

M steps,

loop k = 1; � � � ; K max

loop m = 1; � � � ; M

* n = ( k � 1)M + m

* calculate quantities for electron density� n� 1
j;l = � (r j ; t l ; zn� 1) by solv-

ing equation 5.19 forj = 1; � � � ; Nr

* calculate and storePn� 1
j;l , J n� 1

j;l for j = 1; � � � ; Nr , l = 0; � � � ; N ! � 1

* perform FFT on Pn� 1
j;l , J n� 1

j;l , and E n� 1
j;l , P̂n� 1

j;l = FFT (Pn� 1
j;l ), Ĵ n� 1

j;l =

FFT (J n� 1
j;l ), and Ê n� 1

j;l = FFT (E n� 1
j;l )

* calculate and storeN̂ n� 1
j;l = pl P̂n� 1

j;l + ul Ĵ n� 1
j;l

* loop on frequencyl = 0; � � � ; N ! � 1

· calculateL+ ;l ; L � ;l

· calculateL � 1
� ;l

· calculateV n� 1
j;l = L+ ;l Ê n� 1

j;l

· calculateSn� 1
j;l = V n� 1

j;l + (3 N̂ n� 1
j;l � N̂ n� 2

j;l )=2

· calculate Ê n
j;l = L � 1

� ;l S
n� 1
j;l

* end loop on frequency

* inverse Fourier transformÊ n
j;l to E n

j;l , for j = 1; � � � ; Nr
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* store E n
j;l

* perform fast diagnostics every step

end inner loop

perform slow diagnostics every m steps

end outer loop

The code implementation in Matlab is attached in Appendix A.
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CHAPTER 6

Simulation results of ultrashort pulse propagation

In this chapter, the results of modeling ultrashort pulses propagating in transpar-

ent materials such as borosilicate glass and fused silica are presented. The laser

parameters, focusing geometries and material properties are based on the experi-

ments presented in chapter 4. We show the pulse behaviors and electron dynamics

at di�erent energy levels for both borosilicate glass and fused silica. We �nd that

the electron density contour at� = 1020 cm� 3 match the center of the modi�ca-

tion track in the experiments very well. The relative role of electron contribution

from multiphoton ionization and avalanche ionization are also presented for both

glasses. Last but not the least, we extend our numerical study from picosecond

pulse to femtosecond pulse, and the pulse behavior and the electron dynamics are

investigated.

6.1 Borosilicate glass

Borosilicate glass is one of the most popular materials used in day-to-day containers,

display glasses, windows, wind shields, optical devices and much more. It has stable

chemical properties, relatively high physical strength, vast availability at relatively
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low price, which makes borosilicate glass very attractive. Thus, it is crucial to

understand how ultrashort pulse interact with it.

Figure 6.1: The evolution of pulse intensity pro�le at di�erent propagation distance
z in borosilicate glass with input pulse energyE in = 1 µJ
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6.1.1 Pulse behavior

In this section we present the pulse propagation behavior in the bulk of borosilicate

glass for di�erent input pulse energies.

At input pulse energy of E in = 1 µJ, the pulse intensity evolution at di�erent

propagation distance z are shown in Figure 6.1. At this energy level, the pulse

propagates smoothly in the bulk of borosilicate glass and the peak of intensity is

reached around the geometrical focus atz = 75 µm.

To visualize the spatial focusing of the pulse, we plot the spatial distribution of

maximum intensity along the propagation axis z, as shown in Figure 6.2.

Figure 6.2: The spatial distribution of intensity along propagation axis z in borosil-
icate glass with pulse energy ofE in = 1 µJ.
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The peak intensity is reached at around the geometrical focus. The radial pro�le

of the beam maintains its Gaussian distribution while propagating which indicates

a minimum level of nonlinearity.

To follow the temporal change of the pulse, we plot the on axis intensity distri-

bution along the propagation axis z, as shown in Figure 6.3. At around the focus,

the pulse shape deviates slightly from the Gaussian shape.

Figure 6.3: The on axis temporal distribution of intensity along propagation axis z
in borosilicate glass with pulse energy ofE in = 1 µJ

Further increasing the input pulse energy will generate more obvious nonlinear

e�ects. At input pulse energy ofE in = 3 µJ, the pulse intensity evolution at di�erent

propagation distance z are shown in Figure 6.4. At this energy level, the pulse starts
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breaking in both time and space domain at aroundz = 50 µm due to the nonlinear

phenomenon. And the sub peaks merged together again at aroundz = 125,µm.

As a result, the intensity distribution at the exit surface deviates from the original

Gaussian distribution. The nonlinear e�ects that the pulse experienced while prop-

agating through the material completely changed the intensity distribution of the

pulse in both time and space domain.

To visualize the spatial and temporal behavior of the pulse, we plot the spa-

tial and temporal pulse evolution along the propagation axis z in Figure 6.5 and

Figure 6.6.

In Figure 6.5, the pulse breaks up in space domain aroundz = 50 µm ahead of

the geometrical focus driven by nonlinear e�ect such as self focusing. In Figure 6.6,

the pulse evolution in time domain is also quite di�erent than the previous case.

At around z = 50 µm, the temporal pro�le of the pulse is also distorted and split

into two peaks with the stronger peak towards the early portion of the pulse due to

e�ects such as self phase modulation.
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Figure 6.4: The evolution of pulse intensity pro�le at di�erent propagation distance
z in borosilicate glass with input pulse energyE in = 3 µJ.
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Figure 6.5: The spatial distribution of intensity along propagation axis z in borosil-
icate glass with pulse energy ofE in = 3 µJ
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Figure 6.6: The on axis temporal distribution of intensity along propagation axis z
in borosilicate glass with pulse energy ofE in = 3 µJ
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Further increasing the pulse energy leads to even more pronounced nonlinear

e�ects. At input pulse energy ofE in = 5 µJ, the pulse intensity evolution at di�erent

propagation distance z are shown in Figure 6.7. At this energy level, the pulse breaks

up even earlier at aroundz = 37 µm driven by self focusing. At aroundz = 150 µm,

the pulse intensity is redistributed to two peaks in the time domain.

Figure 6.7: The evolution of pulse intensity pro�le at di�erent propagation distance
z in borosilicate glass with input pulse energyE in = 5 µJ.
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The spatial and temporal pulse split is even more pronounced as shown in Fig-

ure 6.8 and Figure 6.9.

Figure 6.8: The spatial distribution of intensity along propagation axis z in borosil-
icate glass with pulse energy ofE in = 5 µJ

In Figure 6.8 and Figure 6.9, the pulse break starts at aroundz = 37 µm both

spatially and temporally, and it extends to more thanz = 80 µm spatially and

z = 150 µm temporally. The nonlinear phenomenon completely changed the original

intensity distribution of the pulse at this energy level.
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Figure 6.9: The on axis temporal distribution of intensity along propagation axis z
in borosilicate glass with pulse energy ofE in = 5 µJ
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6.1.2 Electron dynamics

In this section, we present the electron dynamics excited by the ultrashort pulse at

di�erent input pulse energies.

Figure 6.10: The evolution of electron density at di�erent propagation distance z in
borosilicate glass with input pulse energyE in = 1 µJ.

At input pulse energy of E in = 1 µJ, the spatial and temporal distribution of
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electron density at di�erent propagation distance z is shown in Figure 6.10. At this

energy level the maximum electron density is reached at around the focusz = 75 µm

as shown in the picture.

To visualize the on axis electron behavior, we plot the on axis electron density

along the propagation axis z in Figure 6.11.

Figure 6.11: The on axis evolution of electron density at di�erent propagation dis-
tance z in borosilicate glass with pulse energyE in = 1 µJ.

As shown in Figure 6.11 the peak of the electron density is at around the focus

z = 75 µm. And the majority of the electrons are excited within 10 ps or so.

At input pulse energy of E in = 3 µJ, the spatial and temporal distribution of

electron density at di�erent propagation distance z is shown in Figure 6.12. The
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electron density reached 1025 m� 3 level at a much earlier position aroundz = 37 µm

and extends all the way to aroundz = 87:25µm driven by the nonlinear e�ects.

Figure 6.12: The evolution of electron density at di�erent propagation distance z in
borosilicate glass with input pulse energyE in = 3 µJ
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To visualize the on axis electron behavior, we plot the on axis temporal pro�le

of electron density along the propagation axis z in Figure 6.13.

Figure 6.13: The on axis evolution of electron density at di�erent propagation dis-
tance z in borosilicate glass with input pulse energyE in = 3 µJ

In Figure 6.13, the peak of electron density is reached at aroundz = 50 µm ahead

of the geometric focus. In the temporal domain, the peak of electron density shifted

towards the front of the pulse while propagating. This e�ect can be understood as a

result of the pulse intensity shifting towards the front portion as shown in Figure 6.6.

At input pulse energy of E in = 5 µJ, the spatial and temporal distribution of

electron density at di�erent propagation distance z is shown in Figure 6.14. At this

higher energy level, the electron density reaches level of 1025 m� 3 even earlier at
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around z = 25 µm and extends even further.

Figure 6.14: The evolution of electron density at di�erent propagation distance z in
borosilicate glass with input pulse energyE in = 5 µJ

To visualize the on axis electron behavior, we plot the on axis temporal pro�le

of electron density along the propagation axis z in Figure 6.15.

As shown in Figure 6.15, the higher pulse energy drives the electron density to



73

Figure 6.15: The on axis evolution of electron density at di�erent propagation dis-
tance z in borosilicate glass with input pulse energyE in = 5 µJ

extend a longer distance in the z direction and shifts toward the front portion of the

pulse while propagating.

6.1.3 Matching modi�cation track with electron contour

The simulation results of beam propagation and electron density at input pulse

energies ofE in = 1 µJ, E in = 3 µJ, and E in = 5 µJ are shown in Figure 6.16(a),

Figure 6.16(b), Figure 6.16(c) respectively. The laser pulse is launched from the

left hand side to the right hand side and the geometric focus is marked around the

vertical dashed line in the picture. At an input pulse energy of 1µJ, the material
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modi�cation is barely visible and it happens around the geometric focal position.

At input pulse energy of 3µJ, the modi�cation track becomes obvious with smooth

inner dark core and outer boundary. The inner dark core matchs very well with

electron density distribution at level of � max = 1020 cm� 3 indicated by the dashed

contour shown in Figure 6.16(b). The position of the modi�cation track shifted

towards the incoming laser beam and the beam started experiencing self-focusing

at this energy level. Further increasing the input pulse energy to 5µJ generates

a longer modi�cation track with hollow beaded structure in the center along the

propagation axis. The shape and length of the inner modi�cation track are matched

very well with electron density distribution at a level of � max = 1020 cm� 3 with

features like the leading hollow bead structure matching the beginning portion of

the electron contour and the thin tail of the modi�cation track matching the tail of

the electron contour shown in Figure 6.16(c). The peak power of the pulse with an

input pulse energy of 5µJ is Ppeak = 0:5 MW, which is about 7 times less than critical

power Pcr = 3:5 MW for self-focusing in borosilicate glass. However, the beam still

experienced self-focusing and plasma de-focusing as shown in the simulation results

in Figure 6.16(c), which indicates that the Kerr self focusing term in equation 5.17

should not be neglected. Our simulation and experimental data are best �tted when

the multiphoton ionization cross section� 4 = 4 � 10� 41 (cm2=W)4 and the avalanche

ionization coe�cient � = �=U i = 1:63 cm2=J.
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