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INTRODUCTION 
 

1.1. Overview of femtosecond lasers  

1.2. Characteristics of ultrashort laser pulses 

1.3. Propagation of ultrashort linear pulses 

1.4. Matter in intense laser fields 

1.5. Organisation of the thesis!

 

Abstract 

 In this chapter important issues related to femtosecond (fs) pulses and its 

relevance to this thesis are discussed. A fundamental characteristic, like the time-

bandwidth product for fs pulses is decribed in detail. A brief review of generation of 

ultrashort pulses and its propagation through an optically transparent media are  

presented. Interaction of strong pulses with matter and different ionization processes are 

also described. An overview of the thesis is presented at the end.  

  

1 
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1.1. Overview of femtosecond lasers 

Laser technology has achieved remarkable progress during the past 50 

years. The progress in the field of ultrashort laser pulse generation has been 

rapid and continuous, and has a long lifetime ahead. This rapid development in 

the field of laser over the last decades enabled the scientists to move to the 

regime of ultrashort optics by continuously shortening the pulse duration from  

microsecond (1ݏߤ ൌ 10-6 seconds) range in the free running  regime to the 

nanosecond (1ns =10-9 seconds) range in the regime of so-called Q-switching 

and finally to the picoseconds (1ps=10-12 seconds) and a few femtosecond       

(1fs=10-15 seconds) range in the regime of mode-locking. A laser can be 

referred to as a femtosecond laser if its pulse has duration from a few to 

hundred femtoseconds.  

In the evolution of laser technology, we observe that along with the 

shortening of laser pulse durations, the achievable intensity of focused laser 

pulse is rapidly increasing as shown in figure 1.1. The increase in the available 

intensities has thereby often been accompanied by the discovery of new 

interaction processes between light and matter, whereas the reduction of the 

pulse duration at the same time enables to increase the resolution of time-

resolved experiments. The short pulse duration provides scientists the 

possibility to explore physical phenomena with unprecedented time resolution. 

Due to this peculiarity short duration chemical reactions at the atomic level and 

ultrafast changes in material properties can be studied. All these processes take 

place on time scales of femtoseconds to picoseconds. In the realm of condensed 

matter physics, carrier relaxation and thermalization, wavepacket evolution, 

electron-hole scattering, and countless other processes also occur on these 

incredibly fast time scales.  The increase in laser intensities achieved with 
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flashes used for strobe photography. The first  laser, was introduced by Maiman 

in the year of 1960 and this  flash lamp pumped Ruby laser produced a burst of 

spikes, each several hundred nanoseconds and  peak power ~1KW [4-5]. In the 

year of 1962. Q -Switching technique was employed and a pulse duration of 

just tens of  nanoseconds  with a peak power ~100MW was achieved [6-7]. The 

idea of Mode-locking was introduced in 1964 which enabled to reduce the pulse 

width to the order of   100ps and in 1981, with colliding pulse mode locking 

,the available pulse width was shortened to 100fs and peak power was increased 

to the order of several GW [8-12] . In 1985, G. Mourou introduced the concept 

of Chirped Pulse Amplification (CPA) which enabled us to achieve a pulse 

width ~20fs and a peak power ~ several PW. 

As these pulses shrink in length and grow in utility, the ability to 

measure them becomes increasingly important. But the characterisation of 

ultrashort pulses has always been a challenge and for many years it was 

possible to create them but not to measure them. A full characterisation is 

needed to determine experimental conditions before the pulses are used for 

experiments. Fortunately, in the past five years, remarkable progress has 

occurred in the development of techniques for the measurement of ultrashort 

laser pulses. It is now routine to completely characterize the time dependence of 

these pulses in the laboratory [13].The work presented in this thesis is 

concerned with ultrashort laser at high power levels and the experiments that 

are presented in this work may be divided into two parts.One ensemble of 

experiments concern the phenomenon that is associated with the propagation of 

ultrashort laser pulses in air and water at high power levels, the so-called 

filamentation. This investigation of the propagation of fs laser pulses in these 

media is the main objective of the experiments described in this work. The 

second part   focuses on the nonlinear optical characterisation of dye doped 
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DNA (De-oxy ribo nucleic acid) films .This part of the experiment is conducted 

with ultrashort laser pulses of duration ~2ps.The following sections will give a 

description of the characteristics, generation ,propagation and interaction of  

ultrashort laser pulses. 

1.2. Characteristics of ultrashort laser pulses 

Ultrashort laser pulses are very short burst of electro-magnetic energy 

and are defined by its electric field as a function of space and time. The main 

difference between a continuous beam and an ultrashort pulse is that the electric 

field of the former is sinusoidal in time whereas the electric field of latter 

comprises only a few cycles of a sine wave [14]. Figure1.2 shows the 

representation of an ultrashort laser pulse in the time domain. 

The ultrashort laser pulses are fully described by the time and space 

dependent electric field. In the frame of a semi - classical treatment the 

propagation of such fields and the interaction with matter are governed by 

Maxwell’s equations with the material response given by a macroscopic 

polarization. The pulse is characterized by measurable quantities that can be 

directly related to the electric field [15]. The complete description of the pulses 

can be given either in time or in the frequency domain. 

Even though the measured quantities are real, it is generally more 

convenient to use complex representation. The real electric field corresponding 

to an ultrashort pulse oscillates at an angular frequency ߱଴ corresponding to the 

central wavelength of the pulse. The complex electric field is usually 

represented by a product of an intensity function and a phase term. The central 

frequency is also explicitly written in the complex field. 
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1.2.1. Relationship between pulse duration and spectral width 

 We define the pulse duration of the ultrashort pulse t∆   as the full width 

at half maximum (FWHM) of the intensity profile 2
)(~ tE  and the spectal width

ω∆    as the FWHM of the spectral intensity 2
)(~ ωE                                 

The general time and frequency Fourier transforms of a pulse are [16] 

 ωω
π

ω deEtE ti−
+∞

∞−
∫= )(

2
1)(  (1.4.a) 

 dtetEE tiωω −
+∞

∞−
∫= )()(  (1.4.b) 

When the duration and spectral width of a pulse are calculated using the 

standard statistical definitions. 

 
∫

∫
∞+

∞−

+∞

∞−=∆
dttE

dttEt
t

2

2

)(

)(
 (1.5) 

 
∫

∫
∞+

∞−

+∞

∞−=∆
ωω

ωωω
ω

dE

dE

2

22

2

)(

)(
 (1.6) 

It can be shown that, these quantities can then be related by the following 

inequality, 
2
1

≥∆∆ ωt    (1.7) 
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Equation (1.7) is the product of pulse duration and spectral bandwidth 

and is known as the time-bandwidth product. The classical physical relationship 

eq. (1.7), which leads to the quantum-mechanical time-energy uncertainty 

principle, has several important consequences in the filed of ultrashort light 

pulses:  

1. In order to produce a light pulse with a given duration it is necessary to 

use a broad enough spectral bandwidth. A Guassian-shaped pulse lasting 

for one picosecond (10-12 sec) has a minimum spectral bandwidth of 441 

MHz ω∆ = 4.41 × 1011 Hz). If the central frequency 0γ of the pulse lies 

in the visible part of the electromagnetic spectrum, say 0γ  = 4.84× 1014 

Hz (i.e. 0λ = 620nm), then the relative frequency bandwidth 
0γ
γ∆

 is 10-

3. But for a 100 times shorter pulse ( t∆ = 10 fs), 
0γ
γ∆

0.1. As 
00 γ
γ

λ
λ ∆

=
∆ , 

the wavelength extension of this pulse is 62 nm, covering 15% of the 

visible window of the electromagnetic spectrum. Taking into accout the 

wings of the spectrum, a 10 fs pulse covers most of the visible window.  

2. The equality in eq. (1.7) holds for pulses without frequency modulation 

(unchirped) which are called “bandwidth limited” or “Fourier transform 

limited” pulses. Such pulses exhibit the shortest possible duration at a 

given spectral width and pulse shape.  

3. For a given spectrum, one pulse envelope can be constructed that has the 

shortest possible duration. The shortest constructed pulse can only be 

transform-limited if its spectrum is symmetrical. 
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Figure 1.3.  The measurement of 'full width at half maximum' of 
a pulse to find its duration. Image edited from 
http://www.newastro. com/newastro/book/C2/images/FWHM.jpg 

 The variation in phase of a Fourier transform limited pulse is beautifully 

uniform and so has linear time dependence; the instantaneous frequency is time 

independent. This can define pulse duration, though the more commonly used 

definition is based on the full-width at half-maximum (FWHM) principle of optical 

power against time, as in Figure 1.3 because experimentally it is easier to measure. 

There is a minimum duration bandwidth given by  

  Kt πγπ 22 ≥∆∆  (1.8) 

γ∆  is the frequency at full-width half-maximum, t∆  is the duration at full 

width at half maximum and K is a numerical constant of the order of 1, 

depending on the actual pulse shape. Some examples of the standard pulse 

profiles are shown in table 1.1 
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Shape Intensity profile ሾࡵሺ࢚ሻሿ Spectral profile 
ሾࡿሺ࣓ሻሿ K 

Gaussian function ݁݌ݔ െ 2൫ݐ ߬ீൗ ൯
ଶ

݌ݔ݁  െ ቀ
ωτୋ

2 ቁ
ଶ

 0.441 

sech ݄ܿ݁ݏଶ൫ݐ ߬௦ൗ ൯ ݄ܿ݁ݏଶ ቀ
௦߬߱ߨ

2 ቁ 0.315 

Lorentzian function ቂ1 ൅ ൫ݐ ߬௅ൗ ൯
ଶ

ቃ
ିଶ

݌ݔ݁  െ 2|߱|߬௅ 0.142 

Asym. sech ቈ݁݌ݔ െ ൬
ݐ

߬௔
൰

ଶ
൅ ݌ݔ݁ െ ൬

ݐ3
߬௔

൰
ଶ

቉ ݄ܿ݁ݏଶ ቀ
௔߬߱ߨ

2 ቁ 0.278 

Square 
1 for ቚ ఛ

ఛೝ
ቚ ൑ 

0 elsewhere 
 ଶሺ߱߬௥ሻ 0.443ܿ݊݅ݏ

 
Table 1.1 Examples of standard pulse profiles: The spectral values are 

given for unmodulated pulses (table adapted from ref. [15]) 

1.3. Generation of intense femtosecond laser pulse 

 The production of laser pulses existing for a few nanoseconds was first 

suggested by Hellwarth in 1961.Laser pulses of few nanoseconds duration was 

produced by the switching of quality factor of a cavity from very low value to 

very high value. In most of the high power, short pulse lasers, generation and 

amplification are done in steps. The generation of short pulses are achieved 

with the principle of modelocking with the active and passive modes of 

realization. Passive modelocking was successfully employed in dye lasers for 

the generation of short pulses in the initial stage. Later Ti:sapphire material was 

proved  as a suitable solid state laser gain medium having high gain bandwidth 

to support femtosecond pulses. The broad bandwidth, good thermal 

conductivity and optical quality make this material as a good pump source.  

Passive modelocking in thesolid state lasers was found to be existed without the 

necessity of intracavity saturable absorber and is called “magic modelocking”. 

This was later theoretically understood as “Kerr Lens Modelocking (KLM)”. 

The ultrafast laser pulses are generated nowadays using either Kerr Lens 
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Modelocking (KLM) [17] or Chirped Pulse Amplification (CPA) [18].CPA 

technique was employed in microwave (radar) applications.  

 The modelocking is a technique by which a laser can be made to 

produce pulses of light of extremely short duration (ps or fs).A laser cavity has 

several longitudinal modes (allowed frequency in a cavity) with completely 

different phases. In this operation, the different longitudinal modes of a cavity, 

which are randomly generated in time inside the laser cavity, are locked 

together in phase to produce a train of extremely short pulses (from ps to fs). In 

modelocked laser, the modes of the laser will periodically constructively 

interfere with one another at one point and destructively elsewhere to create an 

intense burst or short spike of pulse. In the laser cavity, these modes are equally 

spaced. 

The electric field of N such modes in phase can be written as, 

 

ti
ti

tiN
tni

N

n
n e

e
eeEtE 00

1
1)(

1

0

ω
ω

ω
ωω

−
−

∞= ∆

∆
∆+

−

=
∑   (1.9) 

where 0ω  is the central frequency and ω∆ is the mode spacing. This appears as 

a carrier wave with frequency 0ω , modulated by the function with exponents, in 

time domain. The laser intensity is then given by, 

  t
tNtEtI

ω
ω

∆
∆

= 2

2
2

sin
sin)()(  (1.9.a) 

 The modelocking was achieved by two methods a) Active modelocking 

b) passive modelocking.KLM is a type of passive modelocking and it is a self 

locking process. In Ti: sapphire laser KLM technique is employed by taking the 
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 The working of CPA scheme is explained as follows: The low energy (~ 

10-9 J) ultrashort laser pulse is generated from the oscillator at high repetition 

rate .These pulses are stretched using a stretcher by a large factor, usually 

somewhere of the order of 104, so that its peak power is reduced considerably. 

These stretched pulses are trapped in the cavity and is amplified on each pass 

through the amplifier. Once the pulse saturates the gain and reaches the 

maximum energy, it is extracted from the amplifier and sent to the compressor 

where its initial duration is recovered. Figure 1.5 shows the principle of CPA. 

 However there are problems with chirped pulse amplification and these 

lie with the difficulty in recovering the initial pulse duration and quality. The 

compressor must compensate for the dispersion introduced not only from the 

stretcher but from the amplifier too, so the distance between the gratings must 

be set to a larger value in the compressor than the stretcher. It is possible to 

overall cancel out the second-order dispersion and obtain relatively short 

pulses, but extra care and design must be employed to keep higher-order 

dispersion terms, translated as wings and pre-pulses from degrading the final 

pulse quality. 

 

Figure 1.5. Diagrammatic representation of  
Chirped pulse amplification (CPA) 
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1.4. Propagation of ultrashort linear pulses 

1.4.1. Linear propagation 

 The propagation of electromagnetic wave in a medium is governed by 

the Maxell’s four equations [19-20]. 

 0. =∇ D  (1.10.a) 

 
0.0 =∇Hµ  (1.10.b) 

  t
HD
∂
∂

−=×∇ 0
0

1 µ
ε

 (1.10.c) 

  t
DJH
∂
∂

+=×∇  (1.10.d) 

where the electric E and magnetic H field vectors have been expressed by the 

corresponding electric and magnetic flux densities D and H. 

 
HBED 00 µε ==  (1.11) 

With ߝ଴ and  ߤ଴being the vacuum permittivity and vacuum permeability, 

respectively. In absence of free charges the charge density 0 =ߩ and current 

density vector J = 0 vanish. Combining these equations and considering the 

dipole response of the material, the wave equation of the electric field for the of 

the electromagnetic wave can be obtained as: 

 
2

2

2
0

2

2

2
),(1),(1),(

t
trE

ct
trE

c
trE

∂
∂

=
∂

∂
+×∇×∇

ε
 (1.12) 

where E is the electric field, P is the induced dipole moment vector, c is the 

speed of light and ߝ଴ is the permittivity of the free space. 
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 In the case of conventional (i.e., linear) optics, the induced polarization 

depends linearly on the electric field strength in a manner that can often be 

described by the relationship 

 
),(),( )1(

0 trEtrP χε=
  (1.13) 

where the constant of proportionality χ(1) is known as the linear susceptibility 

and ߝ଴ is the permittivity of free space.In an isotropic medium the susceptibility 

tensor is a scalar quantity and the wave equation (1.12) can be simplified into 

 
0),(),( 2

2

2

2
02 =

∂
∂

+∇
t

trE
c
ntrE  (1.14) 

where the refractive index 0n is given by, 

 
)1(

0 1 χ+=n   (1.15) 

 We have assumed that there are no free charges and the susceptibility is 

spatially dependent, so that divergence of E is zero [21]. Equation (1.14) 

describes the propagation of optical radiation in media and is the starting point 

of all the linear optics. 

1.4.2. Nonlinear Propagation 

1.4.2.1. Nonlinear pulse propagation equation  

In this section we discuss the propagation of ultrashort laser pulses 

through a nonlinear media. We begin our discussion with the generalized 

nonlinear Schrodinger equation (NLSE). 

 The generalized nonlinear Schrodinger equation (NLSE) for the slowly 

varying field amplitude ),( trA as follows 
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1 22
2 0

0 2
0 0

41 2 2 ( , ) 1t o
i iik k D A r t p

z c t
πω

ω τ ω

−⎡ ⎤⎛ ⎞ ⎛ ⎞∂ ∂ ∂⎢ ⎥+ ∇ + + = +⎜ ⎟ ⎜ ⎟∂ ∂ ∂⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦
   (1.16) 

where the nonlinear polarization is expressed in terms of its slowly varying 

amplitude approximation ),(~ trp . This equation includes the effects of higher-

order dispersion (through the term that includes D~ ), space–time coupling 

(through the presence of the differential operator on the left-hand side of the 

equation), and self-steepening (through the presence of the differential operator 

on the right hand side). 

 The nonlinear envelope equation [25] serves as a theoretical background 

to explain nonlinear propagation effects like self focusing, Group velocity 

dispersion (GVD) pulse splitting, SPM, self steepening and shock waves. 

Further increase of intensity bridges the way towards the strong field regime 

[26] which leads to the nonlinear ionization and physics of laser induced plasma 

filaments [27-28].The different nonlinear effects such as self focusing, second 

harmonic generation, Sum frequency and Different frequency generation are 

also mentioned  at the end of this chapter. 

1.4.2.2.Ultrashort-Pulse Propagation Effects 

 The simplified version of NLSE equation can be obtained by ignoring 

the correction terms ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

+
t

i

0

1
ω

 by replacing ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

+
t

i

0

1
ω

 by unity and by 

including only the lowest-order contribution (known as second-order 

dispersion) to ܦ෩. 

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

response, the polarization is given by ),(~),(~3),(~ 2)3( trAtrAtrp χ=
.
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Making use of the approximation we obtain 

 
AA

cn
i

tk
i

k
i

z
trA

t
~~6

22
),(~

2

0
)3(

0

0
2

2

0

2

0

ωχωπ
+

∂
∂

−∇=
∂

∂

 
(1.17) 

the equation leads to the interpretation that the field amplitude A~  varies with 

propagation distance z (the left-hand side) because of three physical effects (the 

three terms on the right-hand side). 

 The first term on the r.h.s   involving the transverse Laplacian describes 

the spreading of the beam due to diffraction, the second term involving the 

second time derivative describes the temporal spreading of the pulse due to 

group velocity dispersion, and the third term describes the nonlinear acquisition 

of phase 

 We define the distance scales where each of the three effects becomes 

appreciable 

 They are 2
002

1 ωkLdiff =   Diffraction length 

  2

2

k
L p

disp

τ
=   Dispersion length 

 
In

c
A

cnLNL

2

2)3(
0

0 1
6 ⎟

⎠
⎞

⎜
⎝
⎛

==
ωχπω

 

Nonlinear length 

 Here 0ω is the measure of the characteristic beam radius, and pτ   is a 

measure of the characteristic pulse duration. The significance of these distance 

scales is that for a given physical situation the process with the shorted distance 

scales is expected to be dominant. 
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1.4.2.2. (a) Kerr self focusing 

 The transverse Kerr effect was the first type of intensity dependent 

refractive index, observed in 1964 by Chiao et al. [37], as a geometrical "self-

trapping of optical beams". The effect is explained as total internal reflection 

because of the transverse intensity dependent refractive index gradient which 

prevented from spatial spreading by diffraction. When a collimated beam enters 

a nonlinear medium, the centre of the beam containing the maximum intensity 

experiences the highest refractive index and is thus retarded to a larger extend 

as the wings. Hence the plain wave front of the collimated beam is bent as with 

a focusing optic. Strictly speaking, the focusing gets even tighter as the pulse 

propagates because the intensity depends on the square of the beam diameter. A 

certain threshold power value named critical power Pcr was found by Marburger 

and was defined as the starting point from where on a diffraction limited beam 

starts self-focusing [38] 

 Besides its role for self-guiding of plasma channels in air this effect is of 

prime importance for the operation of self-mode-locked fs oscillators 

[17].Figure 1.6 shows the diagrammatic representation of Kerr self focusing 

when the laser beam crosses a medium with positive 2n  

 
Figure 1.6: Self focusing of a laser beam crossing a medium 

with positive n2 [image taken from Reference 16] 
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1.4.2.2. (b)   Group velocity dispersion 

 An ultrashort pulse of light will lengthen after it has passed through 

glass as the index of refraction, which dictates the speed of light in the material, 

depends nonlinearly on the wavelength of the light. The wavelength of an 

ultrashort pulse of light is formed from the distribution of wavelengths either 

side of the centre wavelength with the width of this distribution inversely 

proportional to the pulse duration. 

 At a given wavelength, the refractive index determines the velocity of a 

single mode, known as the phase velocity. Figure 1.6 is a plot of refractive 

index,  )(λn ,  versus wavelength λ, and it sees )(λn  decrease monotonically as 

λ increases, with a gradual upward curvature for most materials that are 

transparent in the optical spectrum. This is called dispersion. A material 

producing a downward curvature is said to have anomalous dispersion. 

 The slope of the curve, 
λ
λ

d
dn )(  , is the group velocity, which defines the 

velocity of the wave packet with a central wavelength of λ. The second 

derivative of the slope 2

2 )(
λ
λ

d
nd

, yields the group velocity dispersion (GVD), 

which is defined as the rate that the frequency components of the wave packet 

change their relative phases. Group velocity dispersion is responsible for a 

dispersive broadening of the pulses.Figure1.7 shows the broadening of pulse 

when it propagates through a lossless, transparent medium. 
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Figure1.7: Plot of refractive index, ࢔ሺࣅሻ, versus wavelength λ 

(image edited from Mira Seed Manual ) 

 
Figure 1.8: Figure showing the effect of GVD on the pulse 

propagating in a lossless, transparent medium along x-
direction (figure adapted from ref. [16]) 

 In the case of GVD dominated propagation, Eq. (1.17) reduces to 

 0),(
2

),(~
2

2

2

=
∂

∂
+

∂
∂

t
tzA

k
i

z
trA

 (1.18) 

Solving the equation (1.18),we obtain  

  ( )zikAzA 2
2exp),0(),(~ Ω−Ω=Ω  (1.19) 
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where A(z,t)  can be obtained by taking the Fourier transform of equation 

(1.19). To illustrate the concepts of chirp and pulse broadening, consider a 

Gaussian input field having a pulse envelope given by  

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

2

02
exp)(),(

τ
τzAtzA with a pulse width 0τ  

To solve the equation (1.25) ,we first find ),0(~ Ω=zA   to be  

 
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛Ω−=Ω

2
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0 2
exp)0(2),0(~ τπτ AA

 

(1.20) 

Substituting equation (1.20) in equation (1.19) and taking the inverse Fourier 
transform, we find 
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⎥
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where ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
=

2
2

2
02 zikτξ  

By rewriting [ ] ( ))(exp ziϕξξ −=  substituting into the solution given by  

Eq. (1.21), and simplifying, we can write the field amplitude as 
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Where ⎟
⎠
⎞

⎜
⎝
⎛= −

Ldis
zz 1tan

2
1)(ϕ ,

diseff L
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2
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τ
ξττψ = , ⎥

⎦

⎤
⎢
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⎡
+=

dis
eff L

z12
0

2 ττ   

disL  is a characteristic distance over which the group velocity dispersion effects 

become significant, sometimes referred to as the dispersive spreading length. 
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We see now that the temporal pulse width has now changed to effτ , as a 

function of the propagation distance through the material. This pulse width 

spreading is proportional to the GVD coefficient disL    

Rewriting the equation (1.22) 
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Equation (1.23) shows that the propagating Gaussian pulse now has a linear 

chirp coefficient given by
dispeff L

zC 22τ
= .The chirp coefficient defines how the 

phase of each frequency component develops as it propagates a given length, 

and is dependent on ݇ଶ and inversely proportional to initial pulse width. Shorter 

pulses have stronger chirp due to GVD. 

1.4.2.2. (c) Self Phase Modulation 

 We next consider the case where GVD is negligible and only the 

nonlinearity on the right-hand side of Eq. (1.17) exists. This is the case where 

self-phase modulation is said to dominate. The optical Kerr effect is responsible 

for the nonlinear effect of self phase modulation (SPM). Each of the different 

frequency components of the pulse experiences a different phase shift, 

generating new frequencies and broadening the frequency spectrum of the pulse 

symmetrically. The leading edge of the pulse is shifted to lower frequencies 

(down chirp) while the trailing edge is shifted to higher frequencies (up chirp). 

The centre of the pulse experiences an approximate linear chirp. 

 In order to understand the effect of SPM, consider the propagation of 

the optical pulse,  ccetzAtzE tzki .),(~),(~ )( 00 += −ω
  (1.24) 



Introduction 

23 

1`through a medium characterized by a nonlinear refractive index given by, 

 )()( 20 tInntn +=  (1.25) 

where 
2

00 ),(~2)( tzAcntI ε=  

 The length of the nonlinear medium is sufficiently small that no 

reshaping of the optical pulse can occur within the medium; the only effect of 

the medium is to change the phase of the transmitted pulse by the amount   

 
c

LtIntNL
02 )()( ωϕ =  (1.26) 

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

be written as 

 z
t
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)()()( 00 ωωϕω  (1.27) 

and the frequency variation can be written as 
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t
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c
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ωωωδω  (1.28) 

 
Figure 1.9: (Left) Intensity dynamics of a Gaussian pulse: the earlier times, i.e 
the leading edge of the pulse. (Right): Time variation of the central pulsation 
which is proportional to the negative of pulse envelope derivative when the 

nonlinear index of refraction is positive. [Image taken from the reference 16] 
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 Figure 1.9 shows a graphical elucidation of the above relation in case of 

the considered pulse of Gaussian phase variation. In the self-phase-modulation 

process, with nଶ positive, new low frequencies are created in the leading edge 

of the pulse envelope and new high frequencies are created in the trailing edge. 

These new frequencies are not synchronized, but are still created inside the 

original pulse envelope. Self phase modulation itself is not a dispersive effect, 

but it causes a pulse to no longer be transform-limited when crossing a 

transparent material, which means the pulse is then subject to dispersion,. 

Dispersion causes the ‘redder’ parts of the pulse to have a higher velocity than 

the ‘bluer’ parts, forcing the front of the pulse to move quicker than the back, 

temporally broadening the pulse. In anomalous dispersion the opposite is true 

and the pulse temporally compressed. The self phase modulation becomes 

stronger as the pulse becomes more intense, in turn causing more broadening. 

An important consequence of SPM in the fs regime is that due to the 

availability of high peak intensities there is enormous amount of phase 

modulation taking place that results in super-broadening of the initial pulse 

spectrally leading to a phenomenon called the Supercontinuum generation and 

Filamentation [29-33] 

1.4.2.2.(d) Self steepening 

 Self steepening is due to the effect of factor ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

+
t

i

0

1
ω

in the non linear 

source term ),(~ trp on the r.h.s of the Non Linear Schrodinger Equation 

(NLSE). Self-steepening has been first described by De Martini et al. [34] for 

Gaussian pulses in a dispersive medium and its effects on the ultrashort pulse 

propagation were shown by Yang, Shen and Gaeta [35]. The consequence of 

self steepening is the intensity dependent contribution to group velocity and the 

dispersive four-wave mixing contribution. The intensity dependence of the 
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group velocity leads to intensity dependence of the group index 
gn2  .It also 

leads to the phenomena of self-steepening and optical shock wave formation. 

The incident optical pulse is assumed to have a Gaussian time evolution. After 

propagating through a nonlinear medium with 
gn2  positive, the peak of the 

pulse is slowed down more than the edges of the pulse, leading to steepening of 

the trailing edge of the pulse. If this edge becomes infinitely steep, it is said to 

form an optical shock wave. 

 
Figure1.10: Self steepening and optical shock formation 

(image adapted from reference 22) 

1.4.2.2.(e) Space time coupling 

 Space time coupling is due to the presence of the differential operator 

differential operator 
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on the left-hand side of NLSE. To study this 

effect most we are considering the propagation of ultrashort pulse through a 

dispersionless, linear material so that the wave equation [1.15] becomes 
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 The first term is said to represent space-time coupling because it 

involves both temporal and spatial derivatives of the field amplitude. To 

examine the significance of this mathematical form, it is convenient to rewrite 

this equation (1.29) as 
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 Consider the artificial example of a field of the form =),(~ trA tiera δω−)(~ ; 

such a field is a monochromatic field at frequency δωω +0 .We substitute this 

form into Eq. (1.30) and obtain 
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which can be expressed as  
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where ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

0
0 ω
δωδ kk . This wave thus diffracts as a wave of frequency δωω +0

rather than a wave of frequency 0ω . More generally, for the case of an 

ultrashort pulse, the operator ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

+
τω0

1 i   describes the fact that different 

frequency components of the pulse diffract into different cone angles. Thus, 

after propagation different frequency components will have different radial 

dependences [36] 
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1.5. Matter in intense laser fields 

1.5.1. Interaction of light with a medium 

 On a fundamental level optical effects like dispersion have their origin 

in the way the bound electrons respond on the exciting light wave. The strength 

of induced oscillations is determined by the resonance frequency at which the 

medium absorbs .After ultrashort laser pulses have been discussed within the 

scope of linear optics, the following section will introduce the phenomena of 

nonlinear optics that lead to the filamentation. In the case of optics, it is the 

electric field of the light wave that interacts with the atoms of the medium 

through which it is propagating. The light from ordinary lamps induces an 

electric field of about cmVE /
4
1

= which is negligible compared to the 

Coulomb force between the electron and the nucleus of 

11
2

0

6 10 /
4 bohr

e V m
rπε

= ×  However, with regard to high-power lasers this 

relation changes considerably, and one could even reach the field strength 

within the atom by focusing the high power laser beam at a distance of a few 

meters. Therefore, when an optical medium interacts with radiation field, the 

optical properties of the medium will be modified, this phenomenon is 

commonly called as nonlinear optics. A laser is typical source which can induce 

strong nonlinear effects even in weak nonlinear materials. The electric 

polarization plays a key role in the description of nonlinear optical phenomena 

as the time varying polarization acts as a source for the generation of new 

components of the electromagnetic field. Thus the concept of linear and 

nonlinear electric susceptibility [22–24] enables explanation of many light-

matter interactions which are relevant for this thesis. The non linear dependence 
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of the polarization on the applied electric field can be expressed as a power 

series in E 

 
)()1( NLPPP +=   (1.33.a) 

 [ ]2)3()2()1(
0 EEEP χχχε ++=  (1.33.b) 

Where 0ε  is the vacuum permittivity. The
)1(χ   is known as linear electric 

susceptibility which can be linked to the linear refractive index. The field 

strength in the first term of the equation describes the first nonlinear effect.The 

coefficient  
)2(χ  relating the polarization to the square of the field strength is 

called the second-order nonlinear susceptibility of the medium. Its magnitude 

describes the strength of second-order process.  The term )3(χ   describes the 

third order processes. For most materials, the higher-order effects are extremely 

difficult to observe. For this reason we limit here our discussions up to and 

third-order effects.  

Assuming linear polarization, the second order susceptibility of Eq.(1.33.b) 

takes the form 

 2)2(
0),( EtrP χε=  (1.34) 

 Equation (1.34) denotes that three fields are coupled. Two incoming 

fields with their oscillation frequencies (߱ଵand ߱ଶ) induce a polarization 

oscillating at frequencies equal to the linear combinations of driving fields. 

According to classical electrodynamics, any motion that is connected with a 

change of its dipole moment leads to the emission or absorption of radiation. 

Thus the second order polarization emits light at new frequencies [22] 
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 The abbreviations of the physical processes are second harmonic 

generation (SHG), sum frequency generation (SFG), difference frequency 

generation (DFG) and optical rectification (OR). 

1.5.2. Nonlinear response of matter in a strong radiation field 

 The characteristic feature of all laser matter interaction is the fact that 

the electric field E associated with the electromagnetic wave is comparable to 

or larger than atomic or molecular binding field. The interaction of matter with 

such fields is inherently nonlinear. When the electric field is sufficiently high, 

the electrons do not bound and the atoms will get ionized. Experimentally, 

laser-induced ionization was observed shortly after the invention of the laser in 

the sixties already. With advances in laser technology, however, higher 

intensities, different wavelengths and shorter pulse durations became available. 

Depending on the strength of the incident electric field, there are different 

ionization processes such as Multi-photon ionization (MPI),Tunnel ionization 

(TI) and Over the Barrier (OTBI) or Barrier suppression ionization (BSI) . 

1.5.2.(a) Multiphoton ionization 

 For intensities from 1013 W/cm2 to 1014 W/cm2 Multiphoton ioniozation 

(MPI) becomes significant.  This is an intensity regime between perturbative 

and strong field regime of light matter interaction. In this regime the 
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contribution of the free electrons becomes comparable to that of the induced 

atomic dipoles pertaining to the bound bound transitions. Multiphoton 

ionization (MPI) takes place when a single electron is insufficient to cause 

ionization (݄ߛ ൏  ௚) but the intensity is sufficient for an nth order process-aܧ

combined effect of n photons to cause ionization (݄݊ߛ ൐  ௚).This effect hasܧ

been predicted theoretically by G¨oppert-Mayer in 1931 already [39]. In MPI 

regime, the electron density Ne grows as: 

 m
n

e I
dt

dN σ=  (1.36) 

where nσ  is the MPI coefficient for n photon absorption. The process of MPI 

continues until all the atoms are get ionized [40].The physical example of this is 

the self channelling of fs pulses over long distances. 

1.5.2.(b) Tunnel ionization (TI) 

 If the strength of the applied electric field is comparable or greater than 

that of that of the binding atomic coulomb field experienced by the valence 

electrons, there is a good probability of valence electrons to escape from its 

bound state via tunnelling or above barrier ionization. This is the strong field 

regime and in this regime, ionization dominates over atomic polarization .In the 

intensity regime of 1014 W/cm2 to 1015 W/cm2 tunnel ionization (TI) dominates 

whereas for intensities greater than 1015 W/cm2 , above  the barrier ionization 

takes place. 

 If more photons are absorbed by the electron than required for 

overcoming the binding energy of the atom, the electron spectra show 

characteristic maxima separated by the energy ωn  (with an integer n > 0). 

Hence the kinetic energy of the electron is larger than the photon energy, kinE  
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> ω .  In the extended version of the Einstein equation, photo-

ionization is given by[40] 

 kinE = ( )sn + ionE−ω  (1.37) 

where n is the number of photons required for multiphoton process to occur and 

s is the excess number of photons absorbed. This ionization process was termed 

Above Threshold Ionisation (ATI) [41-42]. 

 At higher intensities, the distortion of the Coulomb potential is so large 

that the barrier between a bound state and the continuum does not remain 

infinite. The potential is lowered such that the electrons can tunnel through, as 

shown in figure(1.11) where the distortion in the frequency atomic potential at 

a particular instant is shown in figure. [43-45].Tunnel ionization of gas atoms or 

molecules is similar to multiphoton ionization in the sense that both are high 

intensity effects. Depending on the combined condition of the laser and the 

ionization of the material to be ionized we can distinguish MPI and TI. The 

popular parameter that separates MPI and TI is the Keldysh (adiabatic) 

parameter γ [43] which is given by 

 
p

p

p I
EU

I ωγ ∞=
2  (1.38) 

where pU  is the ponderomotive energy and pI  is the ionization energy. 

Tunnelling applies for strong fields and long wavelengths; i. e. forγ൏ 1 and for 

MPIγ൐ 1. 
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1.5.2.(c) Over the barrier ionisation (OTBI) 

 At very high laser intensities the Coulomb barrier suppression is so 

large and lower than the bound electron’s energy.  The modified Coulomb 

potential because of the application of an external electric field of amplitude E 

can be written as  

 eEx
x

ZexV −−=
2

)(  (1.39) 

with Z being the charge of the ion which will be produced and E the external 

electric field strength.  

 If this barrier falls below Eion, the binding energy of the electrons then 

the electrons can escape spontaneously. This process is known as Over the 

Barrier (OTBI) or Barrier Suppression Ionization (BSI) mechanism. 

 The position of the barrier, xmax, can be derived by setting 0)(
=

∂
∂

x
xV

yielding     
E
Zex =max

 (1.40) 

Setting the height of the barrier as ܸ ሺݔ௠௔௫ሻ  ൌ  ௜௢௡ to find out the thresholdܧ 

field strength at which OTBI can occur, we get the threshold field strength, ்ܧ௛  

 3

2

4Ze
EE ion

Th =  (1.41) 

 The minimum laser intensity required for the ions with charged state Z 

is given by 
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 This relation has been confirmed experimentally over several orders of 

magnitude using noble gases [46]. For the example, in the case of a hydrogen 

atom (Z = 1, Eion = 13.6 eV), one finds, 

 
2

141037.1
256 cm

WII a
BSI ×≈=  

 Schematic representation of different ionization schemes is shown in 

figure 1.11 

 
Figure 1.11: Schematic representation of ionization mechanisms 

1.6. Organisation of the thesis 

Chapter 2:- This chapter  is devoted to the discussion of the details of laser 

system used for the experiments carried out in this thesis. The 

characterisation of the pulse using “Silhoutte” based on 

Multiphoton Intrapulse Interference Phase Scan (MIIPS)” is also 

discussed in this chapter. 

Chapter 3:-  This chapter serves as the introductory material to the complex 

phenomena of filamentation and associated Supercontinuum 

Emission (SCE). The detailed description of the underlying 
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physics behind the filamentation and the various nonlinear 

processes occurring in the filamentation process are addressed 

here. 

Chapter 4:-  In this chapter, we present the experimental investigations of the 

filament characteristics of sharply focused fs pulses in air. The 

measurements of Supercontinuum Emission (SCE) generated by 

ultrashort Ti: Sapphire laser, filamentation in air under different 

focusing geometries and the dynamics of filaments via direct 

imaging are detailed here. We demonstrate the variations in the 

length and width of the filament as a function of focal geometry, 

input power and polarization of the laser pulse. The presence of 

coherently interacting multiple filaments either resulting in a 

fusion or exchange of power is also observed  

Chapter 5:-  This is dedicated to the investigation of the evolution of 

Supercontinuum Emission (SCE) associated with filaments and 

the filament characteristics due to the tilt of focusing lens under 

tight focusing geometries.  

Chapter 6:- This chapter involvs the study of  evolution of plasma dynamics 

via supercontinuum emission (SCE) resulting from propagation 

of tightly focused  femtosecond (fs) laser pulses propagating in 

water .We studied the effect of input polarization of laser pulses 

on SCE in different external focal geometries.  SCE with higher 

efficiency and a considerable spectral blue shift is observed 

under tight focusing conditions (f/6) compared to loose focusing 

conditions of (f/7.5) and (f/10).  
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Chapter 7:-  We present our results on the non linear optical properties (NLO) 

of PVA- Rhodamine 6G matrix doped with DNA, using ps 

pulses. The addition of DNA enhanced the NLO properties of 

thin films .We conclude that PVA is a good matrix for 

fluorescent dyes incorporated into the double helix of DNA 

molecule enabling them suitable for practical applications in 

optical devices 

Chapter 8 :-  This chapter summarizes the results obtained in this thesis. 

Future implications and directions are discussed in brief. 
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Chapter   -           -                        

LASER SYSTEMS 
 

2.1. Laser system used: 

2.2. Pulse Measurement 

2.3. Conclusions 

 

Abstract 

This chapter deals with the important aspects of the laser systems employed in 

this thesis for various studies. The amplified femtosecond (fs) laser system used 

throughout the thesis is introduced here.The Multiphoton Intrapulse 

Interference Phase Scan (MIIPS) based pulse shaper for measuring and 

manipulating the fs pulse is also explained in detail.  

 
  

2 
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2.1. Laser system used:  

The laser system used in this dissertation is a commercially available 

diode-pumped mode-locked Ti: sapphire laser purchased from Coherent. The 

main components of the laser system for generating the ultrashort pulses in the 

laboratory are  

1.  Femtosecond mode-locked Ti: sapphire laser [Coherent Micra Seed]. 

2.  Pump laser for the regenerative amplifier [Coherent Evolution 30]. 

3.  High Energy femtosecond regenerative amplifier[Coherent Legend USP]. 

The seed laser system (MICRA) produces high repetition rate, nJ, fs 

pulses, and regenerative amplifier (LEGEND) produces amplified fs pulse [1]. 

The pictorial overview of the fs laser facility present is as shown in figure 2.1. 

 

Figure 2.1 Overview of the fs laser facility (Image courtesy: Coherent) 
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2.1.1. The fs oscillator [Micra System]  

The oscillator is a Titanium: sapphire laser system [Micra] capable of 

producing mode locked pulses with bandwidths exceeding 100 nano meters. A 

key feature of the oscillator is the incorporation of the cw diode pumped laser 

into the oscillator cavity. Ti: sapphire which serves as the gain medium requires 

a pump in the blue-green region of the spectrum. Although there are a wide 

range of pump wavelengths available, no laser diodes are powerful enough to 

pump this spectral region. An optical pump at the correct wavelength is 

required to provide energy to the gain medium in the oscillator. The pump 

power should be of several watts because the upper-state lifetime of Ti: 

sapphire is very short (3.2 µs) and the saturation power which is the incident 

optical power required to achieve significant saturation of an absorber [2] ,is 

very high. Originally Ti: sapphire lasers were pumped using argon-ion lasers at 

514 nm, which were powerful but bulky, inefficient and expensive to run [3]. 

The cw pump chamber contains intracavity, frequency doubled solid state Nd: 

YVO4 laser giving 532 nm laser output. The pump laser employs Nd: YVO4 as 

the gain medium which is commonly called as “vandate”. The high absorption 

coefficient of vandate at 808nm wavelength and large stimulated emission cross 

section at 1064nm makes it an ideal choice for pump laser. The frequency-

doubling in the pump laser occurs within a lithium triborate (LBO) nonlinear 

crystal and produces green light at 532 nm, allowing efficient absorption by the 

Ti: sapphire crystal. The absorption   band of Ti: sapphire extends from 400nm 

to 600nm (in the blue and green region) which   makes 532 nm output of cw 

laser, an ideal pump source for Ti: sapphire laser [Verdi]. The fluorescence 

band of Ti: sapphire medium extends from 600 nm to wavelength greater than 

1000 nm making it possible for wide broadband tunable laser emission. The 

femtosecond oscillator (Micra) adopts passive mode-locking technique i.e Kerr 
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lens modelocking  in combination with an intra cavity prism pair to generate 

low-noise, large-bandwidth, and high peak power ultrafast pulses to produce 

pulses  around 15 fs in pulse duration and 1Watt average power. The repetition 

rate of the fs oscillator is 80 MHz and the central wavelength is 800 nm, which 

is most efficient for Ti: sapphire. Figure 2.2 gives the schematic representation 

of the fs seed laser (MICRA) 

 
Figure 2.2 Schematic diagram of Micra seed optical laser 

(Picture taken from the MICRA manual) 

R1 - Pump beam routing optic with Power Track beam steering actuators,M1-

M8 Oscillator cavity mirrors, MAC- Auxiliary cavity end mirror, ROT- Polarizer ,PR1, 

PR2 -Prism pair,R2 - Pump beam routing optic, BS – Beamsplitter,L1- Pump beam 

focusing lens ,PD1, PD2- Fast and slow photodiodes Ti: S- Titanium :sapphire laser 

crystal, L2 -Collimating lens. 

The fs pulse laser can be wavelength tuned by a pair of compensating 

prisms. As the wavelength is changed, the pulse width and spectral width of the 

fs laser will also be changed. The characteristics of pulse width tuning in a Ti: 

sapphire fs laser is greatly influenced by the dispersive elements within a laser 

cavity. An oscillating pulse will receive a total round trip chirp due to self phase 
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modulation (SPM) in the Ti: sapphire rod, which results from the interaction of 

the short optical pulse with the nonlinear refractive index and the positive 

material Group velocity dispersion(GVD) from the optical components and 

negative GVD caused by the prism pairs. The cumulative effect from a lack of 

compensation for both GVD and SPM effects would see a temporal broadening 

for the pulse. In order to obtain stable, short pulses the chirping caused by SPM 

plus positive material GVD should compensate the negative GVD. The overall 

system GVD of zero is achieved by orientating the prisms so that the light 

travels through either more or less of the glass. Under these conditions, the red 

and blue wavelength components of the pulse do not change their relative 

positions within the pulse over one complete round trip through the cavity.  

The fs oscillator Ti: sapphire laser system (MICRA) delivers  ~ 40 fs, 80 

MHz pulse train with pulse energy of 1 nJ. The output spectrum with its peak at 

800 nm is as shown in figure 2.3 
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Figure 2.3 Output spectrum of Ti: sapphire Oscillator (MICRA)  
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2.1.2.  Optical pump to the Regenerative Amplifier [Evolution-30] 

To pump the amplifier, a Q-switched, frequency doubled, neodymium-

doped yttrium lithium fluoride (Nd: YLF) laser [Coherent Evolution-30], is 

used. The amplifier produces pulses of duration 250 ns at 527 nm with a 

repetition rate of 1 kHz. The power output is 20 W giving each pulse 20 mJ of 

energy. Nd: YLF lasers have good beam quality due to their low noise, are 

compact, stable and very reliable. The range of power levels that are available 

make them ideal for pumping ultrafast Ti: sapphire amplifiers. 

2.1.3.  The Regenerative Amplifier [Legend] 

The regenerative amplifier [Coherent Legend USP],is used to convert 

the (optimised) 15 fs, 1nJ pulses from the oscillator to 40 fs, 2.5 mJ pulses, 

increasing the energy by 6 orders of magnitude. The energy for the Ti: sappire 

gain medium comes from the pump laser in the form of 20 mJ pulses at 250 ns 

duration. The amplifier possess a pre pulse contrast ratio of >1000 :1 and a post 

pulse contrast ratio of >100:1.The repetition rate of the pump is 1 kHz, which 

differs greatly from the repetition rate of 80 MHz for the femtosecond pulses 

from the oscillator. To solve this problem only 1 pulse (in every 80,000) is 

selected from the oscillator pulse  train each time and the energy in the Ti: 

sapphire gain medium is maximised by the pump beam (1,000 times every 

second). The selected pulse is injected into the cavity and allowed to oscillate 

by the regenerative amplifier until it has the maximum possible energy. 

The regenerative Ti: sapphire amplifier laser system (Legend) used for 

the studies contains three essential elements to amplify ultra short pulses to the 

mJ. These elements include (a) an optical pulse stretcher (b) regenerative 

amplifier (RGA) and (c) an optical pulse compressor The regenerative amplifier 
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(RGA) system employs conventional chirped pulse amplification (CPA) 

technique  for the amplification. Figure 2.4 shows the diagrammatic 

representation of CPA technique employed in the fs amplifier  [3]. 

 

Figure 2.4 Diagram of chirped pulse amplification in the Legend 

regenerative amplifier [3] 

In the amplifier the seed pulses are first stretched to about 200 ps in a 

diffraction-grating stretcher to reduce nonlinear effects and avoid damage to the 

optical elements in the amplifier and, at the same time, to allow efficient energy 

extraction from the amplifier. These temporally expanded pulses are trapped 

into a regenerative amplifier cavity and   are amplified on each pass through the 

gain medium. Once the pulse saturates in gain and reaches the maximum 

energy, it is extracted from the amplifier and sent to the compressor to obtain 

amplified pulses of ~ 40fs of 2.5mJ maximum energy at a repetition rate of 1 

KHz. The output of the Ti: sapphire amplifier (Legend) is of 15mm beam 

diameter with a spectral bandwidth of ~23 fs at 800nm central wavelength is 

shown in the figure 2.5 
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Figure 2.5 Output spectrum of   Ti: sapphire amplifier [Legend] 

Table 2.1.summarises the general and most important characteristics of 

the fs laser system used throughout the studies in the thesis. 

Table 2.1 Summary of the laser output characteristics of the fs laser system used 

 
Femtosecond Oscillator 

(MICRA) 
Femtosecond Amplifier 

(LEGEND) 

Central wavelength 800nm 800nm 

Pulse width 15fs 40fs 

Average power 1Watt 2.5Watt 

Pulse Energy 1nJ 2.5mJ 

Rep.Rate 80MHz 1KHz 

Polarization Horizontal Horizontal 
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2.2. Pulse Measurement 
2.2.1. Introduction 

The characterisation of ultrashort pulses has always been a challenge 

and for many years it was possible to create them but not to measure them. A 

full characterisation is needed to fully determine the experimental conditions 

before the pulses are used for experiments. Measurements can be made to find 

the energy (or power), shape, duration and spectrum of the pulse. 

Characterising ultrashort laser pulses has proved difficult, as the photo detectors 

used to detect longer pulses are not fast enough to use with ultrashort pulses. 

Moreover, these detectors, which are wavelength sensitive, respond to intensity 

which is proportional to |ܧଶ|and while measuring intensity the phase 

information is lost. 

To measure a pulse, it is sufficient to measure the intensity and phase of 

the pulse either in time or frequency domain. The electric field of a pulse can be 

specified as a function dependent on time or dependent on spatial position and a 

product of the two functions can give the whole spatiotemporal profile of the 

electric field of a pulse [3]. However, a pulse produced from Kerr  lens mode-

locking show signs of significant coupling of both spatial and temporal 

properties (it has a time-dependent beam radius), making a complete pulse 

characterisation very tricky. 

Although the pulse energy can be measured directly or calculated from 

the average power and repetition rate, and the pulse power can be found using a 

photodiode, a complete pulse characterisation in one step is much more 

beneficial. A complete characterisation will reveal the variation of the electric 

field with time or the complex spectrum, which includes the spectral shape and 

phase. 
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The problems addressed in the thesis use ultrashort laser pulses with 

very high peak intensities. The shorter the pulse, the more difficult it is to 

handle due to the accumulation of phase distortions. Due to the dispersion 

effects, the short pulses lose their shapes when they pass through the optical 

components so that they are temporally dilated when they reach the sample 

under investigation. Accurate measurement and spectral phase correction of 

amplified femtosecond pulses are crucial to achieve the highest peak intensities, 

and delivery of amplified arbitrary phase-shaped intense pulses is critical for 

reproducible laser control applications. Unfortunately, pulse shaping of 

amplified pulses results in losses (> 50%) and the possibility of damaging the 

pulse shaper optics. These problems can be avoided by placing an external 

pulse shaper capable of performing Multi photon Intrapulse Interference Phase 

Scan (MIIPS) [5-7] in between the oscillator and regenerative amplifier. 

2.2.2.  Pulse Shaper System 

The pulse shaper used in this dissertation uses a device (SILHOUTTE 

from Coherent), that employs MIIPS technology for measuring and 

manipulating the ultrashort pulses. The pulse shaper box consists of a zero 

dispersion pulse stretcher (4f-set up) [9], a liquid crystal spatial light 

modulator(SLM) as well as a spectrometer. This is fiber coupled to the 

sampling head that primarily consists of a thin doubling crystal that enables the 

broad band phase matching. The spectrometer is connected to a laptop and 

using the installed software, the system automatically measures the spectrum, 

controls the SLM and gives an output of the pulse data. Figure 2.6 shows the 

schematic sketch of MIIPS components. 
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Figure 2.6. MIIPS Components  

The pulse in the frequency domain is modulated by spectrally resolving 

the pulse such that its constituent spectral components are spatially separated. 

In order to spatially resolve the spectral components, a so-called' zero 

dispersion'or '4f' stretcher [9] is utilized (Figure 2.7). At this point, the input 

beam is linearly and spectrally resolved at the SLM by the first grating and lens 

combination. Then the components pass through the SLM. The SLM is 

controlled by a computer. After the SLM, the beam goes through an identical 

combination of optics to re-combine the components into the desired transform 

limited pulse [4]. So, in summary, the steps involved in the pulse shaper 

(Silhoutte) design based on a spatial light modulator are: 

1.  Spatially separate (disperse) spectral components 

2.  Modulate them individually in phase and amplitude 

3.  Recombine the modulated spectral components to reconstruct the pulse 
in time domain 
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Figure 2.7Schematic diagram showing the principle of zero dispersion 
(4-f configuration) pulse shaper (Image taken from the Coherent 

Silhoutte manual) 

2.2.3. Measurement and manipulation of the ultrashort pulse 

The MIIPS method for femtosecond pulse characterization and 

dispersion correction is very different from all other methods commonly used. 

The MIIPS, measures the phase distortions in the frequency domain directly, 

without the need for time correlation. Because it is a single-beam method, 

MIIPS requires no interferometer and no overlapping beams. MIIPS measures 

the phase distortions in the pulses and cancels them through the use of an 

adaptive pulse shaper. The pulse shaper introduces a series of calibrated 

reference phase function to measure spectral phase distortions. The phase 

dependence of nonlinear optical processes such as second-harmonic generation 

(SHG) is used by the algorithm to directly measure the second derivative of the 

phase, without the need for inversion algorithms .As the reference phase is 

scanned across the pulse, the spectral phase deformation is obtained . The 

resulting MIIPS trace, which is a three dimensional plot of second harmonic 

intensity as a function of wavelength phase mask position, contains all the 

information required to analytically obtain the second derivative of the spectral 

phase distortions. Double integration of this results in the spectral phase. Once 

the spectral phase of the pulses is measured, the same pulse shaper is used to 
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introduce their complement to compensate the distortions to obtain transform 

limited pulses. A small number of iterations (usually 2-3) are required to obtain 

the pulse compression and this process lasts for a few seconds. When a 

sinusoidal reference phase function is used the MIIPS trace shows straight 

parallel lines separated by π for transform limited pulses [8]. Linear chirp 

changes the relative distance between these lines, quadratic chirp changes their 

angle, and higher order distortions lead to changes in their curvature [5]. MIIPS 

data obtained for femtosecond amplified pulses using the MIIPS technique and 

Silhouette (Coherent) is shown in figure 2.8.  

 

 Figure 2.8. The heart of the MIIPS measurement is a programmable pulse shaper 
capable of introducing a well-calibrated phase function across the laser spectrum 
(top). The reference phase function (left) is one that causes a local correction to the 
second derivative of the phase. As it scans across the spectrum of the laser, the 
maximum intensity in the second-harmonic signal scans as well (shaded region). 
(Image courtesy: Biophotonics Solution) 
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Supercontinuum Emission  (SCE) 
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Abstract 

In this chapter, the phenomenon of filamentation and associated Super 

continuum Emission (SCE) is introduced. The various nonlinear mechanisms 

such as optical Kerr effect, Self phase modulation (SPM), multiphoton 

ionosation (MPI) and plasma defocusing leading to filamentation and SCE are 

discussed in detail. The conical emission and the factors leading to this are also 

addressed  
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3.1 Introduction 

The propagation of intense fs pulses in transparent condensed media or 

gases is characterized  by strong modification of its spatial and temporal profile 

due to the dynamic interplay between the self-collapse of the laser pulse and the 

associated spectral broadening due to self-phase modulation (SPM) [1,2]. The 

spectral manifestation of the spatio-temporal modifications of focused laser 

beam in a medium results in a broad frequency sweep known as 

supercontinuum emission (SCE) extending, typically, from ultraviolet to the 

near infrared range. The SCE is manifested as a white light disk surrounded by 

a distinct, concentric, rainbow like pattern referred to as conical emission and 

the low divergence central part of the output beam is called “Supercontinuum” 

or “White-light – continuum”. Although the main mechanisms responsible for 

SCE is believed to be self-focusing followed by SPM, the evolution of SCE 

under different situations is not understood completely. Different mechanisms 

generate diverse components of the SCE/white light spectrum at certain 

positions along the propagation pathway of pulse [1]. Self-steepening, space 

time focusing, plasma generated by multi-photon ionization, four wave mixing 

are also believed to play a significant role [1]. Whenever an intense laser pulse 

propagates through a medium, it changes the refractive index, which in turn 

changes the phase, amplitude, and frequency of the incident laser pulse. A 

phase change can cause a frequency sweep within the pulse envelope. This 

process is called self-phase modulation (SPM) [3]. Self Phase modulation 

(SPM) enhances the SCE spectrum symmetrically to some extent till the plasma 

generation comes. The generated plasma induces ionisation and thus causes the 

depletion of the trailing edge of the pulse whereas the leading edge of the pulse 

remains unaffected. This creates a red shift in the spectrum of the pulse which 

can be explained by the occurrence of a steep leading edge of the pulse 
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temporal profile [4-6]. The repeated focusing and defocusing events favours 

multi peaked temporal profiles which spans the SCE spectra. Also, there exists 

a significant broadening of the angular spectrum dictated by the spatial 

variations of the pulse phase. These variations are responsible for conical 

emission (CE) [7-8] through which the beam diverges as a concentric rainbow 

with colours ranging from red to green. 

The first study of the generation of Supercontinuum dates back to the 

years 1968 to 1972.Alfano and Shapiro first observed the “white” picoseconds 

continuum in solids and liquids and the observed spectra extended from ~6000 

cm-1 in the visible to  the infrared wavelength region [9]. Bondarnko et.al 

published similar results independently [9]. Supercontinuum generation (SCG) 

in gases was first investigated by Corkum et al [10] Gases are the ideal media to 

study the nonlinear phenomena such as Filamentation and associated 

Supercontinuum Emission (SCE). The low density of gases makes them the 

best material for this purpose[1]. The advent of Chirped pulse amplification[11] 

and Kerr-Lens mode locked laser cavities resulted in the phenomenon of 

atmospheric filamentation which was first demonstrated at the University of 

Michigan by Braun et al. in 1995 [12]. Braun et al. used a laser pulse with 

center wavelength 775 nm, duration 200 fs, and energy as high as 50 mJ in their 

experiment. This pulse was allowed to propagate in atmosphere over a distance 

20 m. They found that pulses with energy greater than 2 mJ would slightly 

focus over that distance, and that pulses with energy greater than 5 mJ would 

collapse into a single or multiple high-intensity filaments after 10 m of 

propagation and then continue propagating at a filamentary diameter near ~100 

microns over the next 10 m. Following this attempt, many research groups have 

studied the science and applications of ultrafast atmospheric filamentation [1].  
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3.2 Mechanisms leading to filamentation and associated 

Supercontinuum Emission  (SCE) 
3.2.1 Optical Kerr effect and Self-focusing in air 

In the case of conventional (linear optics) optics, when light is 

propagated through an isotropic medium, the induced macroscopic polarisation 

P, depends linearly on the electric field strength E:  

 
EP )1(

0χε=   (3.1) 

where χሺଵሻ) is the first order susceptibility and ߝ଴ is the permittivity of free 

space. The resulting linear refractive index of the medium is  

 
)1(

0 1 χ+=n  (3.2) 

 But in the non linear optics the  eqn (3.1) does not hold good indeed, the 

displacement of bound electrons in the atoms of the medium becomes so large 

that the resulting dipole moment and  hence the macroscopic polarization, 

cannot be considered a linear function of the applied field. This is the optical 

Kerr effect .The nonlinear optical response can be mathematically expressed as 

a power series in the Electric field strength E(t). 

 
[ ]2)3()2()1(

0 EEEP χχχε ++=  (3.3) 

 The quantities )2(χ  and )3(χ  are known as the second- and third-order 

nonlinear optical susceptibilities, respectively. All the even orders 

susceptibilities )2(χ vanish in centrosymmetric materials, such as gaseous 

media, and Eq.(3.3) can be rewritten as follows: The higher order susceptibility 

contribution remains negligible unless high intensities are at play. 
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[ ]2)3()1(

0 EEP χχε += +· · (3.4) 

where the series has been truncated to the third order. The refractive index thus 

reads:  

  InnEn 20
2)3()1(1 +≈++= χχ   (3.5) 

where the product EE is identified as 2EI =  .Hence tJHhe refractive index of 

air n in the presence of an intense electromagnetic field depend on its frequency 

and the space and time dependent intensity ),( trI  of the laser according to the 

equation (3.5). Therefore the strong electric field can locally modulate the 

refractive index of the medium by superimposing to the constant linear term 0n , 

an additional term In 2  where  2n  is determined by the equation 

  00

)3(

2 4
3

cn
n

ε
χ

=  (3.6) 

where c is the velocity of light ,  0ε  denotes the permittivity of vacuum and )3(χ
) the nonlinear susceptibility of the medium . In most of the non resonant optical 

materials, the non linear coefficient n2 is usually positive, leading to an increase 

of the refractive index in the presence of intense radiation [1]. Figure 3.1 shows 

the principle of self-focusing when a collimated beam enters a )3(χ   medium. 

The spatial profile of a laser beam can be described by a Gaussian distribution, 

and according to the equation (3.5), 2n  reaches its maximum at the centre of 

the beam and rapidly decays towards the edges. Hence the total refractive index 

increases from the edges of the beam to its axis. As a result a plain wave front 

of the collimated beam bents with a focusing optics. Strictly speaking, the 

focusing gets even tighter as the pulse propagates because the intensity depends 
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on the square of the beam diameter. The beam itself, therefore, acts as a convex 

lens, constricting its own diameter during propagation and is called self 

focusing which is essential requirement for the filamentation regime. 

 

Figure 3.1 Schematic illustration of Self-focusing or Kerr lensing, due to 
the intensity dependent refractive index in a nonlinear optical medium. 

 Self-focusing is a threshold process. At low intensities, ie, in the linear 

regime diffraction the transverse spread of the beam occurs during the 

propagation a. As the intensity increases the self focusing sufficiently 

counteracts with the diffraction and finally overcomes it. A certain threshold 

power value named critical power Pcr was found by Marburger and was defined 

as the starting point from where a diffraction limited beam starts  

self-focusing [44] 

  20

2

8
77.3

nn
Pcr π

λ
=  (3.7) 

where 0λ  is the central wavelength, 0n  and 2n  are the linear and non linear 

refractive indices.It also defines the unstable equilibrium point that separate the 

linear diffractive regime from the catastrophic collapse of the beam. 
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 If the peak power of a Gaussian laser beam is higher than the critical 

power Pcr, the beam undergoes self-focusing   [13]. This is the so-called whole 

beam steady state Kerr self-focusing. For 0λ  = 800 nm, the critical power in air 

is Pcr =3 GW. However during the propagation  of powerful femtosecond lasers, 

it is the not the whole beam self focusing, but the moving focus model ‘slice by 

slice’ self focusing takes place. In the moving focus model [14-16] the laser 

pulse is stacked into time slices that are considered to be independent of each 

other. Each time slice contains a specific power and all the central slices of a 

pulse with peak power above critical are self-focused at distances that become 

larger as the corresponding power is closer to critical value. The slices with 

power below Pcr diffract. It is easy to obtain a high peak power that can readily 

overcome the linear diffraction and GVD in the case of femtosecond laser 

pulses.  

3.2.2 Self phase modulation 

 The influence of )3(χ  on powerful short pulses propagating in air does 

not limit to Kerr self-focusing. In the temporal domain, the pulse intensity is not 

constant (e.g. Gaussian) such that the intensity dependent index of refraction 

modulates the pulse phase )(tϕ  . Like in the spatial coordinates, the typical 

temporal profile of a laser pulse features a Gaussian-like intensity envelope. 

Therefore, the central slice will ’see’ a higher refractive index and will be 

delayed with respect to its wings. This results in a spectral broadening of the 

pulse towards both red and blue sides and the phenomenon is called self-phase 

modulation. [3,17,18]. 

 In the plane wave approximation, the plane wave front at the self-focus 

is given by the function  
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[ ]{ } 0

0 0( , ) exp exp nF z t i t kz i t z
c

ωω ω
⎧ ⎫⎡ ⎤= − = −⎨ ⎬⎢ ⎥⎣ ⎦⎩ ⎭  (3.8)   

where z is the propagation distance, and  ω0 is the central angular frequency of 

the laser. 

The variation in the refractive index with laser intensity is given by, 

 
)(0 tnnn ∆+=≈       (3.9)              

where                                 
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π
ω

∆ = −
   (3.10)                                         

where, )(2 tIn  is the Kerr nonlinear refractive index of the neutral gas, )(tI  

being the intensity. The last term is the plasma contribution where )(tNe  is the 

electron density generated through tunnel ionization of the molecules; e and me 

are the charge and mass of an electron, respectively. Since the electron –ion 

recombination time is of the order of many nanoseconds, which is pretty much 

higher than the femtosecond time scale, the generated plasma could be 

considered as static during the interaction with the pulse. The wave enters the 

optical medium at (z=0,t=0).At the position z, equation (3.8) becomes  

 0 0 0
0

( )exp n n ti t z z
c c

ω ωω
⎧ ⎫∆⎡ ⎤= − −⎨ ⎬⎢ ⎥⎣ ⎦⎩ ⎭

 (3.11) 
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where 

 

[ ]0 0 ( )( ) n tn t z z
t c c t

ω ωω
∂ ∆∆∂ ⎛ ⎞∆ = − = −⎜ ⎟∂ ∂⎝ ⎠  (3.14)                                         

SPM is the modulation (variation) of the phase of the wave due to the self-

generated extra phase 
0 ( )n t z

c
ω∆

−
(see Eq. (3.11). It is manifested by the 

frequency shift ω∆  of Eq. (3.13) and (3.14). Since the front part of the pulse 

always sees the neutral gas, from Eq. (3.14) and (3.10), without the plasma 

contribution, 

 

[ ] ( )0 0
2

( )
0

n t I front partz z n
c t c t
ω ωω

∂ ∆ ∂
∆ = − = − <

∂ ∂  (3.15) 

 The last inequality of Eq. (3.15) occurs because the front part of the 

pulse has a positive temporal slope for which the value ranges continuously 

between zero and a maximum value. Hence, the front part of the pulse 

contributes principally to red (Stokes) shift/ broadening. But the trailing part of 

the pulse should also see the neutral gas since the gas is only partially ionized. 

This would lead to a blue shift/broadening but it is masked by the strong blue 

shift/broadening due to SPM in the plasma together with eventual SPM, due to 

the very steep descent of the back part of the pulse (i.e. self-steepening). The 

contributions of the plasma term in Eq. (3.10) to frequency shift/broadening 

starts soon after the plasma is generated. The plasma interacts at the self-focal 

zone with the self-focusing slice of the pulse and with the slices coming from 

behind (i.e. from the back part of the pulse). Using Eq. (3.10) and (3.15), the 

frequency shift/broadening due to the plasma term is 
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∂
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 The electrons are generated through tunnel ionization of the air 

molecules. For simplicity, we can use the experimental results to empirically 

state that the effective tunnel ionization rate of oxygen (and nitrogen) molecules 

is proportional to the intensity raised to the power of m where m is the 

empirical slope of the experimental ion yield vs. intensity curve in the 

log-log scale [19].Thus the electron density can be expressed as  

 0 ( )
t

m
eN N w I t dt

−∞

≅ ∫  (3.17) 

 In Eq. (3.17), 0N is the density of the neutral air,  w  is the effective 

empirical tunnel ionization rate of oxygen (and nitrogen) and mI is the empirical 

power law of ionization. Substituting Eq. (3.17) into Eq. (3.16), we obtain  
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e

ze N w I
cm
πω

ω
∆ = +  (3.18) 

 This positive blue shift/broadening of the frequency is large partially 

because of the highly nonlinear dependence on the high intensity inside the self-

focal region. Besides SPM, towards the end of propagation; i.e. towards the end 

of the diffraction length given by 2ka , ( k and a  are the wave number and the 

radius of the beam profile at 2
1
e  level of intensity, respectively), the back part 

of the intensity distribution of the pulse becomes very steep and the slope is 

negative. This temporal variation happens mostly in the neutral gas because it is 

at the end of filamentation where ionization is negligible. It would give rise to a 

large blue shift of the frequency given by equation (3.15). 
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 0
2

( )z I very steep back part with negative slopen
c t
ωω ∂

∆ = −
∂

 (3.19) 

 This is a major source of the large broadening towards the blue side of 

the pump frequency and it is induced by the Kerr nonlinearity. This so-called 

self-steepening in the case of the propagation of a powerful femtosecond pulse 

is the consequence of a continuous spatio-temporal self transformation process 

of the pulse during propagation. This can be qualitatively understood as 

follows. The central part of the pulse with the highest intensity would propagate 

with a velocity n
c  where pr nnnn ∆+∆+= ker0 , where n  is the total index of 

refraction,  pr nnn ∆∆ ,, ker0 ,  are the indices of refraction of the neutral air, the 

non linear Kerr index and the index of plasma respectively. The peak of the 

pulse sees an increase of the index of refraction due to the nonlinear 

contribution (Kerr nonlinear index) which is proportional to the intensity. Its 

velocity is thus slowed down. The back part of the pulse has a lower intensity 

and sees weak plasma. The index of refraction in plasma is less than unity. 

Hence, the back part of the pulse would propagate faster than the peak of the 

pulse. Soon the back part would almost catch up with the peak resulting in a 

steep rise in intensity at the back part. SPM is proportional to the derivative of 

this part of the pulse; hence, a very large blue shift will occur according to Eq. 

(3.19).SPM therefore yields a broadening of the initial spectrum of the laser 

pulse, a phenomenon commonly known as whitelight generation (WL) or 

supercontinuum generation. 

 The propagation distance z also plays a role in both the red and blue 

broadening (see Eq. (3.15) and (3.18).Thus, during experimental observations, 

the spectral broadening of the pulse develops progressively as the propagation 

distance increases. Theoretically, the Maxwell's equations are first transformed 
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infrared, at 800 nm. At this wavelength, the ionization potential of major air 

constituents (oxygen and nitrogen) largely exceeds the energy borne by a single 

photon. Indeed, the simultaneous absorption of 8 photons is required for the 

ionization of oxygen, which features the lowest ionization barrier. This process 

is highly improbable at low intensities, that is, before self-focusing.Thus the 

beam propagates lossless conveying the whole beam power towards the onset 

of filamentation. However, when the beam approaches collapse, the pulse 

intensity increases enormously and ionization becomes possible. Ionization 

takes place abruptly since its probability strongly depends on the light intensity. 

At the optical intensities typically featured by the filament core, i.e. 50 

TW/cm2, Multi-photon ionization (MPI) dominates over the tunnel ionization, 

which becomes relevant above 1014 W/cm2, according to the Keldysh theory 

[23].The enormously increased intensity at the self focusing zone will become 

sufficient to partially tunnel ionize the air molecules, resulting in the generation 

of weak plasma. The generated plasma creates a negative refractive index 

according to the relation cn ρρ 2=∆ , where ρ  is the generated plasma density 

and 2

2
00

e
me

c
ωερ =  is the critical plasma density above which the plasma 

becomes opaque ( em  and e are the electron mass and charge, 0ω  the pulse 

frequency, and cρ  ~1.7×1021 cm-3 at 800 nm).Therefore, the negative index 

variation induced by the free electrons provides a mechanism which counteracts 

the third-order Kerr -self-focusing, as it is depicted in Fig3.3. Indeed, the 

refractive index spatial profiles induces an opposite curvature of the wave front, 

resulting in a negative lens which  would be sufficient to de-focus the focusing 

slice back to the main body of the pulse or background reservoir.[17]. As it 

defocuses, the intensity decreases and, consequently, no more plasma is formed.  
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The highest intensity that this self-focusing slice would reach is thus limited 

due to the balance between self-focusing in the neutral and self-defocusing in 

the self-generated weak plasma. It is a constant that depends on the material 

property; i.e., it depends on how easy or difficult it is to generate free electrons 

in the self focal zone. Thus the defocusing nature of the plasma limits and 

stabilizes the light intensity in each of the filament. Thus, filamentation is the 

result of dynamical balance between the two effects: Kerr focusing and Plasma 

defocusing. Since the energy loss in ionization is very small, the pulse could 

repeat the whole process again and leads to several beam refocusing cycles that 

maintains the filament size approximately constant over several Rayleigh 

distances.The filament has a diameter of 100-200 µm and keeps an almost fixed 

energy (few mJ) and intensity (50 TW/cm2)[24-25] in this  phenomenon known 

as intensity clamping. In air, for 800 nm laser pulses, the clamped intensity is of 

the order of 5 x 1013 W/cm2 [22,27-28] 

 
Figure 3.3 First figure shows a Gaussian Pulse. Second figure shows self-focusing 
of a beam by optical Kerr effect. The refractive index of the medium depends on 
the intensity of the laser and acts as a lens by making convergent an initially 
collimated beam. Self-focusing prevails over diffraction when the power of the 
beam exceeds a critical power Pcr (Pcr = 3GW for air at the wavelength of 800 
nm) and leads, in the absence of other nonlinear effects, to the collapse of the 
beam on itself. Third figure shows defocusing of the beam by the presence of a 
plasma. The ionization of the medium initially takes place in the center of the 
beam, where the intensity is most significant. The creation of an under-dense 
plasma decreases the local index of the medium, which causes beam defocusing. 
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3.2.4 Conical Emission (CE) 

 The filament regime is enriched by peculiar phenomena such as pulse 

splitting, self-steepening, shock formation, supercontinuum generation, and 

conical emission (CE)[29-30] .Conical emission is a visually spectacular effect 

associated with filamentation [7,31]. The conical emission which is considered 

as a signature of filamentation creates a wide variety of coloured rings around 

the beam in the forward direction, for which peak wavelength decreases from 

infrared to ultraviolet with increasing distance from the propagation axis. The 

radial order of the spectral components is inverse of diffraction with bluer 

frequencies appearing on the outside rings. Thus the spectrum of the pulse is 

transformed not only in the frequency domain but also in the domain of the 

spatial wave numbers. In media with normal group velocity dispersion (GVD), 

no matter if of solid, liquid, or gaseous nature, CE accompanies filamentation, 

producing radiation at angles that increase with detuning from the carrier 

frequency [7,30]. The mechanism at the root of conical emission is still 

debated. It may imply Cerenkov radiation [7,32] self-phase modulation (SPM) 

[8], four-wave mixing (FWM)[33-34 ] or X-Waves modelling [30,35-36]. 

All the different interpretations of the conical emission present a 

different facet of the problem and should combine into a unified description. 

Luther et al[34] explained that the minimal model which is proposed to 

demonstrate the arrest of collapse by normal GVD leading to pulse splitting 

induces a four wave interaction that promotes a transport of energy from the 

band of wave trains ( )ω,k  to sidebands ( )⊥⊥ ++ ωω,kk   closely related to those 

of the modulational instability of the uniform plane-wave solutions [38-39] .

 The balance of linear diffraction and dispersion results in the cancelling 

of signal and idler terms given by the equation 
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 22 "ωkkk =⊥   (3.20) 

where ω here denotes the frequency detuning from the central frequency. As a 

result, the phase matching for maximum stability rate is occured. The 

appearance of frequency-shifted off-axis radiation in the far-field of the pulse 

which appears as a colored ring is the consequence of the growth of these new 

spectral features. Thus, this four-wave mixing process was shown to be 

responsible for the pulse splitting due to GVD and to induce a spatio-temporal 

dynamics resulting in conical emission. According to Golub [32], the phase 

matching conditions of the four wave mixing process redblue kkk +=)(2 ω  predict 

an inverse spatial order of the emitted photons in the observed conical emission. 

Golub,[32] interpreted conical emission using  Cherenkov type process In this 

case,the polarization generated by the filament in the medium, propagating at 

the laser pulse group velocity grv  results in an emission at frequencies fulfilling  

a Cherenkov condition at conical angle θ  given by
gr

ph
v

v
=θcos , where

)(ωn
cvph =  is the phase velocity of the emitted light.  

 
Figure 3.4 Conical emission accompanying a self-guided pulse. (a) A 
central white core (the filament) is surrounded by Newton’s rings having 
a divergence of the order of the mrad (Nibbering et al., 1996). (b) 
Conical emission measured at 25m from a 5 mJ, 45 fs, 800 nm pulse 
(Chin, 2004). [taken from Couairon-Physics reports 441] 
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 The dispersive properties of the medium select each Fourier component 

of the nonlinear polarization to emit at a specific angle. In fact, a similarity exist 

between the condition for Cherenkov emission by a source moving along the 

interface between the plasma channel and the gas and the refraction laws of 

light at this boundary. This is the origin of the proposition of a leaky waveguide 

by Nibbering et al.[7] to explain simultaneously the self-guiding and the conical 

emission phenomena associated with filamentation. Finally, the phenomenon of 

conical emission was revisited and reinterpreted using the paradigm of X-

waves. The claim of the connection between conical emission and Nonlinear X-

waves was proposed for the first time by Contiet al.[39]. The angular dispersion 

of colored conical emission associated with filamentation was measured for 

different media (water, lithium-triborate and air) by Faccio et al [40]. The 

chromatic dispersion of the material was shown to play a key role in the 

determination of the cone angle of CE that follows Eq(3.20). These 

measurements are in complete agreement with the interpretation of CE as a 

manifestation of the spontaneous generation of nonlinear X-waves [39,41-42]. 

In addition, this interpretation supported by the results of numerical simulations 

[35,43] , was shown to be consistent with the interpretation in terms of 

Cherenkov like process, i. e. leading   to the same prediction for the frequency 

dependence of the cone angle [40].  

3.3 Issues on Filamentation addressed in this dissertation work 

 Very few studies exist on the propagation of ultrashort pulses in tight 

focusing condition. In this thesis we address the issue of filamentation 

and associated SCE under tight focusing geometry. 

 Earlier attempts in the field of filamentation in air revealed that there is 

a limit to the spectral extent of the attainable SCE with a high-
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frequency cutoff irrespective of the pulse energy. In a loose focusing 

geometry, the highest intensity in a filament is clamped by nonlinear 

effects including multiphoton absorption and plasma defocusing and 

this intensity clamping was shown to limit the plasma enhanced self 

phase modulation, resulting in a constant frequency upshift of the SCE 

of an ultrashort pulse undergoing filamentation when the pulse energy 

is increased [22,45]. Strategies to overcome this will be of great 

scientific importance. 

 We have performed an analysis of the filament characteristics such as 

filament length, width, intensity under different input power, 

polarization and external focusing condition to understand the effect of 

laser parameters on filamentation under loose &tight focusing regimes 

completely. We have also made attempt to control the number, pattern 

and emission from the filaments in this dissertation. 

3.4 Conclusions  

 The temporal, spatial, and spectral properties of an ultrashort pulse 

experience modification when it propagates through nonlinear media 

resulting in the generation of a spectrally broad white light termed as 

Supercontinuum Emission (SCE).  

  Filamentation and associated SCE is a consequence of the interplay of 

several dynamical processes such as self-focusing, group velocity 

dispersion, Self-steepening, space time focusing, plasma generated by 

multi-photon ionization, intensity clamping, anti- Stokes spectral 

broadening, filament fusion, filament breakup and competition between 

multiple filaments 
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CHARACTERISTICS OF 

TIGHTLY FOCUSED FEMTOSECOND LASER 

PULSES IN ATMOSPHERE  
 

4.1. Introduction  

4.2. Experimental technique 

4.3. Results and discussion 

4.4. Conclusions 

 

Abstract 

 In this chapter, we present the experimental investigations of the filament 

characteristics of sharply focused fs pulses in air. The dynamics of filaments were observed 

via direct imaging of the entire reaction zone. The measurements of Supercontinuum 

Emission (SCE) generated by ultrashort Ti:sapphire laser and characteristics of filaments 

in air for different tight focusing geometries are presented here. The variations in the 

length and width of the filament for different focal geometry, input powers and 

polarization of the laser pulse is also addressed. The presence of coherently interacting 

multiple filaments either resulting in a fusion or exchange of power is also observed . 

  

4 
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4.1. Introduction 

 From the initial observations of self-channelling of high-peak power 

femtosecond (fs) laser pulses in air by Braun et.al. [1] ,studies on the 

propagation of intense ultra-short laser pulses in different media has been one 

of the most exciting fields of nonlinear optics .The observation of long-distance 

self-guiding of ultrashort pulses in air has attracted considerable attention. The 

remarkable features of   filamentation include Supercontinuum Emission (SCE) 

which spans from the visible spectral region to the infrared wavelengths. 

Filamentation studies traditionally start from letting a beam focus in air and it 

refers to a phenomenon by which self-focusing [2] of an intense pulse in air is 

followed by an extended region where the light remains concentrated in a 

diameter of the order of 100 µm. The region of propagation of femtosecond 

laser pulse in air can be classified into three such as preparation, filamentation 

and diffraction [3]. Nonlinear interaction between the pulse and the air in the 

preparation phase is supported by the theory of the moving focus model of Shen 

[4] in which the temporal intensity distribution of a large beam creates a 

moving focal point. But this interpretation can’t successfully explained this 

phenomena as it predicts that only a small amount of energy can be found in a 

single filamentary mode. The second phase which is a stable filamentation 

region is the result of balance between two competing nonlinear effects: Kerr 

effect leading to self-focusing and defocusing effect of the electron plasma 

created by multiphoton ionization. The self-guiding model [5] explained this 

regime. The third region is used for observation of far field diffraction of the 

surviving optical beam and conical emissions [6,7]. All these theories and 

interpretations are based on one common concept of nonlinear interaction of 

light and matter, in a regime where light intensity is sufficiently high to ionize 

matter, and the matter is dense enough to affect the light [8]. Filamentation has 
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found many applications to detect hazardous molecules [9] LIDAR for 

atmospheric applications [10],HHG [11] generation of single cycle pulses,[12] 

Supercontinuum generation,[13] THz emission,[14] acoustic emission,[15]  

laser based propulsion[16] etc. amongst many others. We have also studied and 

presented the effect of tight focusing on the evolution of SCE from fs laser 

pulses propagating in air and the effect of polarization on SCE under tight 

focusing geometry. But the measurement of intensity inside the filament has 

been quite a challenge and is of importance for many applications. Though 

most of the efforts in estimating the filament intensity are based on theoretical 

modelling [17-18] few methods have successfully measured the filament 

intensity [19].These methods rely on the spectroscopic emission from the 

excited states of the atoms of constituent medium. Though the filament 

intensity is observed to be clamped to a fixed intensity [20], recent work clearly 

demonstrated the presence of intensities of the order of 1014 W/cm2.This 

exceeds the clamping value of a few 1013 W/cm2 obtained for filamentation in a 

loose focusing geometry by at least one order of magnitude and has opened up 

interesting avenues [21-22].  

 However, the presence of multiple filaments and the interaction of the 

propagating filaments at higher input powers have made the measurements 

more challenging. In this chapter, we look at the multiple filament 

characteristics under different external focusing conditions making it possible 

to measure the filament diameter accurately.  

4.2. Experimental technique 

 Figure 4.1 shows the experimental set up used for the study of 

characteristics of filaments formed in air. Transform limited linearly polarized 

laser pulses of 2mJ energy with duration of 40 fs, 800nm, with a repetition rate 
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of 1 KHz (Coherent-Legend UPS) were focused into air. The amplifier was 

seeded with 15 fs pulses from an oscillator (MICRA,Coherent,1W average 

power, 80 MHz rep rate and 800 nm central wavelength).The pulse 

characteristics were measured using “Silhoutte” (Coherent USA) based on the 

Mutiphoton Intrapulse Interefernce Phase Scan(MIIPS) technique. The input 

diameter (1/e2) before the focusing element was 10 0.1mm. The self emission 

from the filament was captured using a calibrated digital camera. A set of 

neutral density filters (NDFs) were used in front of the camera to avoid the 

saturation of the image. An attenuator, combination of a half wave plate (HWP) 

and a Brewster polarizer(BP) was used to vary the input pulse energy into the 

medium.  

 
Figure 4.1: Experimental Schematic for measuring the characteristics of 

filaments formed in air  

 The sharply focused fs laser pulses were focused into air using plano 

convex lens of focal length 6, 15 and 20cm respectively. Inside the filament, 

because of self phase modulation and self steepening the 800 nm laser pulse 

self transforms into a chirped white light laser (Super continuum). The SCE 
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associated with filaments was scattered and collected using a fiber coupled 

spectrometer (USB 4000, Ocean Optics Spectrometer). A set of calibrated 

neutral density filters were placed in front of the spectrometer to avoid 

saturation of the CCD pixels. 

 To characterise the filaments we used different plano convex lens of 

focal lengths 10, 15 and 20 cm corresponding to numerical apertures (NA) of 

0.05, 0.033 and 0.025, respectively. These plano convex lenses were used to 

focus fs pulses. The laser pulse power was varied between 0.5-1.8W 

corresponding to a peak power of 3-12.2 PCr. A Quarter Wave Plate (QWP) was 

placed in order to produce both Linearly Polarized (LP) and Circularly 

Polarized (CP) Light. The self-emission from filament was captured using a 

triggerable CCD camera (OPHIR SPIRICON SP620U). The images were 

captured under same experimental conditions for all the three different 

numerical apertures. CCD Camera was connected to laptop using an USB 

interface. 

 In house developed MATLAB Code was executed for extracting the 

length, width and intensity profile along the propagation axis of laser beam [I 

(z) vs z] and transverse directions [I(r) vs. r] from the captured self-emission 

images. The presence of multiple filamentation was observed by extracting and 

analyzing the transverse profiles [I (r) vs. r] at different positions (z1, z2, z3…) 

along the propagation direction.  

4.3. Results and discussions 

4.3.1. SCE from air under tight focusing geometry-beyond intensity 
clamping 

 The critical power for self focusing can be calculated from the equation 

PCr = 3.77λ2/8πn0n2 where λ is the central wavelength, n0 and n2 are the linear 
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and nonlinear refractive indices, respectively. The PCr for air is calculated to be 

3GW with a nonlinear index coefficient of n2 = 3.2 × 10−19 cm2/W [18]. The 

SCE from tightly focused 40 fs laser pulses propagating in air have shown a 

central white disk surrounded by coloured rings. At a given input power, the 

SCE spectrum from both LP and CP pulses for the f/6 focusing geometry is 

more compared to f/15 and f/20 focusing geometries which indicates the 

conversion of laser energy to SCE spectrum is higher for tight focusing 

geometry compared to loose focusing geometries. A strong blue pedestal wing 

for the f/6 focusing geometry indicates stronger plasma enhanced self-phase 

modulation. As the polarization of the laser is changed from linear to circular 

the SCE intensity is considerably reduced for all focusing geometries as 

reported earlier [23-24].  

 Figures 4. 2(a) and 4.2.(b) show the variation of SCE with LP and CP 

pulses under f/6 and f/15 and f/20 focusing geometries. In comparison to 

linearly polarized (LP) light pulses, the onset of filamentation in the case of 

circular polarization (CP) is delayed due to the ratio of 1.5 on the critical power 

for self-focusing. This results in a difference in the nonlinear focus for LP and 

CP with the same input power. The ratio of 1.5 of the critical powers for self 

focusing with LP and CP pulses explains the reason for MPE being less 

efficient for CP pulses [17].The blue edge of the SCE spectrum i.e., the 

minimum cutoff wavelength (λmin) or maximum positive frequency shift (ωmax) 

as a function of the input laser power from the collected SCE spectra is found to 

decrease continuously with increasing input power for different focusing 

geometries. The λmin is found to be blue shifted for tight focusing conditions 

compared to loose focusing geometry. A similar behaviour is observed in CP 

pulses also. 
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Figure 4.2(a):  SCE spectra with LP pulses and Figure 4.2(b) 
SCE spectra with CP pulses obtained using f/6, f/15 and f/20 

geometries at an input power of 1.8W 

  Figure 4.3 shows the variation of λmin for f/6,f/15 and f/20 

focusing geometries for LP &CP pulses. In the tight focusing geometry, the 

initial high beam curvature, due to external focusing, leads to complete 
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ionization of the medium, which in turn prevents the plasma defocusing to play 

an important role in the intensity clamping [22].In a loose focusing geometry, 

the highest intensity in a filament is clamped by nonlinear effects including 

multiphoton absorption and plasma defocusing [12,20]. A criterion 

characterizing intensity clamping was proposed by Liu et al. from 

measurements of the supercontinuum spectrum of an intense femtosecond laser 

pulse propagating in condensed optical media: intensity clamping was limited 

by plasma-enhanced self-phase-modulation, resulting in a constant frequency 

upshift bounding the supercontinuum spectrum of an ultrashort laser pulse 

undergoing filamentation when the pulse energy is increased [20]. Recent 

studies indicated that third harmonic generation within filamentation permit 

refocusing processes with intensity spikes exceeding the clamping value by a 

factor of three [25].  

 We have also estimated laser clamped intensity inside the filament using 

recent technique followed by Shengqi et. al. [19] .Though the filament intensity 

is observed to be clamped to a fixed value, recent work demonstrating the 

presence of intensities of the order of 1014 W/cm2 has opened up interesting 

avenues [26].  The recent numerical and experimental studies  in the tight 

focusing  regime opens a new regime in which initial focusing plays the main 

role in the determination of the highest intensity during interaction with the gas. 

Intensities exceeding 1015 W/cm2 were numerically demonstrated for large 

numerical apertures (NA> 0.1) [18]. Therefore, according to the criterion 

proposed by Liu et al. [20] which links intensity clamping to a constant cut off 

of SCE, we conclude that no intensity clamping was observed up to input 

powers of 15 PCr with a f /6, f/15and f/20 focusing geometries, where the 

critical power for self-focusing Pcr =3 GW denotes a reference value calculated 

with the nonlinear index coefficient n2 = 3.2×10-19 cm2/W [18].  
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Figure 4.3:  Variation of minimum wavelength (λmin) with P/PCr for (a) LP 

pulses under f/6, f/15 and f/20 focusing geometries (b) CP pulses under f/6, f/15 
and f/20 focusing geometries  

4.3.2. Characteristics of filamentation 

 The investigation of the filamentation in air under different focusing 

geometries is of special interest due to the numerous potential application of it 

in different fields.  
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similar behaviour was observed earlier [27]. The length of the filament was 

observed to be longer for LP pulses. In general the filament was observed to 

propagate over 2-5 ZR. However, the width was observed to spread over 2-40 

ω0; ω0 being the spot size of the laser beam at the focus in vacuum. The width 

of the filament also increases with increased input power for any given NA. But 

the intensity of self-emission is observed to be higher with CP pulses compared 

to LP pulses. These observations are in tune with the recent results reported in 

literature [19].Filament length and width as a function of input powers and 

polarisation for different NA are shown in figures 4.5(a) to (h). Comparison of 

filament length as a function of power for different NA’s confirm that with 

higher NA length was almost saturated for all input powers but in lower NA 

length increases with increase in power. 

 

 

Figure 4.5(a ):  Comparison of Length for LP &CP  
pulses in f/10 focusing geometry 
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Figure 4.5(b ):  Comparison of Length for LP &CP  
pulses in f/15 focusing geometry 

 

 

Figure 4.5(c ): Comparison of Length for LP &CP pulses in f/20  
focusing geometry 
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Figure 4.5(d ):  Comparison of width for LP &CP pulses in f/10  
focusing geometry 

 

 

Figure 4.5(e ):  Comparison of width for LP &CP pulses in f/15  
focusing geometry 
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Figure 4.5(f ): Comparison of width for LP &CP pulses in f/20  

focusing geometry 

 

 

Figure 4.5 (g) Comparison of length for (a) LP and  
(b)CP pulses in different focusing geometry 
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Figure 4.5 (h) Comparison of width for (a) LP and (b)CP pulses in 
different focusing geometry  

 

 The filament width was measured to be ~40-200 µm with NA’s of 

0.025, 0.033 and with these NA, multiple filaments were not observed. As the 

NA was increased to 0.05 the width increased to 250-440 µm. This indicates the 

presence of multiple filaments at higher NA (tighter focusing geometries) as 

observed by the self-emission. The filament diameter observed is in tune with 

the earlier measurements [18,29]. The filament width measured is used to 

estimate the intensity within the single filament following the methodology 

proposed by Shengqi et. al.[19]. From the transverse line profiles along a fixed 

Z the width of the self- emission dsf is measured which in turn was used to 

estimate the width of the plasma filament dlaser (laser beam diameter). The 

intensity for 12.2 PCr, LP under NA 0.05 is calculated to be 3.8×1012 W/cm2. 

However the appearance of multiple filaments makes these measurements more 

challenging. 
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Figure 4.6:  Filamentation image for 12.2 PCr for CP and line cut 
intensity profile at three different Z positions showing multiple 

filamentation. 

 Figure 4.6 shows the filament observed at tighter focusing geometry 

(NA of 0.05) at an input peak power of 12.2 PCr. Multiple filamentation was 

observed only for NA 0.05 and maximum of 3 filaments have been observed 

with input power in the range of 6.2-12.2 P/PCr which can be clearly visible 

from the the vertical profile of the filaments. Comparison of the vertical profile 

of the filaments is shown in figure. The self-emission profiles at three different 

positions along the propagation direction clearly indicate the presence of 

multiple filaments and interaction between the propagating filaments around 

geometrical focus in cognizance with the phenomena observed with unfocused 

or loosely pre -focused fs pulses propagating in air [28]. From figure 4.6(b), at 

Z1 position, filament was single and had a width of 69.4 µm. From figure 

4.6(c), at Z2 position, filament had been split into three having individual 
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widths of 91.7 µm, 21.8 µm and 73 µm. From figure 4.6(d), at Z3 position, 

second and third filaments are almost in a stage of recombination and these 

three filaments had widths of 101.2 µm, 7.4 µm and 72.2 µm. The presence of 

breakup and fusion of multiple filaments along Z clearly indicates that the 

intensity is not constant throughout the propagation of filament at higher NA 

(tight focusing geometries). 

 With shorter focal lengths (higher NA) the presence of multiple 

filaments was observed only at higher input powers for circular polarization. 

Multiple filaments are well-known to grow randomly due to slightest noise in 

the beam intensity profile [17,30,31], modulational instability [32-33] over 

large range of input powers and vectorial  effects [34]. Each of the multiple 

filament is known to take power of PCr and interact among themselves during 

propagation before coalescing into a single filament making the measurement 

of filament intensity more challenging and erroneous. 

4.4 Conclusions 

 Filament characteristics resulting from the propagation of kHz repetition 

rate fs laser pulses were studied under different external focusing 

conditions.The effect of polarization of the input pulses on filamentation 

was also studied. 

 For a given focusing geometry, the filament length and width increased 

with increasing input peak power; however, at higher NA, the length 

and width were observed to saturate. 

 Breakup of a single filament into multiple filaments and fusion along the 

propagation direction was observed with higher NA of 0.05 for CP 

pulses. 
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 Filament intensity inside a single filament estimated from the self-

emission was found to be of the order of 1012 W/cm2. However, the 

same method may not be extended to estimate the filament intensity in 

the presence of multiple filaments, as the effects like break up and 

fusion of the propagating filaments indicate varying intensity along the 

direction of propagation. 
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Abstract 

 The evolution of Supercontinuum Emission (SCE) associated with 

filaments and the characteristics of filaments due to the tilt of focusing lens 

under tight focusing geometries are presented in detail  
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5.1 Introduction 

Intense ultra-short laser pulses are well suited for long range 

propagation in many transparent media. This long range filamentary 

propagation is due to the dynamic balance between nonlinear self focusing of 

an intense optical pulse and laser plasma induced defocusing1. These long 

propagating filaments in air have received significant attention over the last 

decade due to impending applications in the fields of remote sensing 2,3, 

lightning guiding4–6, supercontinuum generation (SCG)7-9, pulse compression10 

and THz generation.11 During the propagation of filament the pulse undergoes 

temporal and spectral changes due to the linear and nonlinear effects within the 

medium such as self-phase modulation and Raman scattering amongst 

others1,12,13. Filamentation of  fs pulse comes into play when a high intense laser 

pulse having transverse power (P) greater than critical power for self-focusing 

(PCr), propagates through air. For very low powers, generally, a single filament 

is observed. As the power of the beam increases unavoidable spatial irregularity 

across the wave front would be induced either due to imperfection of the beam 

quality or due to propagation through a non-homogeneous medium in the real 

environment and the pulse exhibits splitting, multiple collapse, and repeated 

filamentation over large distances. This results in the breaking up of single 

filament into many, termed as multiple filamentation14-16. Understanding and 

controlling multiple filaments17-19 during the long range propagation of high 

power fs pulses has been a major challenge for various applications20. 

 Lens tilting has been used for the control of filaments in managing 

multiple filaments over long distances 17, 20. It has been demonstrated that it is 

possible to control the number, pattern, and spatial stability of filaments by 

changing the tilt angle of the focusing lens19. Moreover, the effect of spherical 
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aberration on femtosecond filamentation has been reported21, where a single 

filament was observed to split into two along the propagation direction. 

However, to date attention has been mainly focused on the effect of lens tilting 

on the filament properties under a long focusing geometry. In this chapter, we 

present a systematic study of the tilting of focusing lens on filamentation 

characteristics and Supercontinuum emission (SCE) for both tight and loose 

focusing geometries. 

5.2 Experimental Technique 

 Figure 5.1 shows the experimental set up used for the study. Transform 

limited linearly polarized pulses with duration of 40 fs, 800 nm, with a 

repetition rate of 1 kHz (Coherent; Legend-USP) were focused into air. The 

amplifier was seeded with ~15 fs pulses from an oscillator (MICRA, Coherent, 

1W average power, 80 MHz repetition rate, and 800nm wavelength). The pulse 

characteristics were measured   using ‘Silhouette’ (Coherent, USA) based on 

the Intrapulse Interference Phase Scan (MIIPS) technique. The input beam 

diameter (1/e2) before   the focusing element was 10 0.01 mm. BK-7 lenses of 

focal length 60 mm, 75 mm, and 120 mm were used to attain the focal 

geometries of f/6, f/7.5 and f/ 12. The corresponding numerical apertures (NA) 

were 0.04, 0.06 and 0.08. The focusing lens was placed on a rotation stage with 

a precision of 1/60 degree and was tilted from 0 to 20 degrees. The self-

emission from the filament was captured using a calibrated digital camera. A 

set of neutral density filters (NDFs) were used in front of the camera to avoid 

the saturation of image. An attenuator, combination of a half wave plate (HWP) 

and a Brewster polarizer (BP ) was used to vary the input pulse energy into the 

medium. Inside the filament, because of self phase modulation and self 

steepening, the 800nm laser pulse self transforms into a chirped white light 
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almost like a comet. Beyond a rotation of 80, the separation between the 

filaments was observed to increase continuously with increasing tilt of the lens. 

For all the angles greater than 80, the intensity of the filament towards the 

focusing lens is smaller compared to that of the farther filament. This is 

attributed to the astigmatism coming into play because of the lens tilt21. 

The separation between the filaments can be estimated from the formula 21,22 

 sin tanX f ϕ ϕ=  (5.1) 

where f and ϕ are the focal length and the tilting angle of the lens.  

 

Figure 5.2: Filaments for different tilt angles under f/12  
focusing geometry. 

 Figures 5.3(a) to 5.3(c) show measured separation between the filaments 

and the calculated separation using equation 5.1. All of these matched very well 

for longer focusing geometry of f/12 in our measurements in tune with the 

earlier reports21. However at tighter focusing geometry of f/6, the mismatch 

between the estimated and the observed separation increases as we move to 

larger tilt angles.  
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Figure 5.3(a): Comparison of experimentally measured separation 
between the filaments and the estimated values for different tilt angles 

under f/6 focusing geometry 

 

 

Figure 5.3(b): Comparison of experimentally measured separation 
between the filaments and the estimated values for different tilt angles 

under f/7.5 focusing geometry 

  



Effect of lens tilt on Supercontinuum Emission and Filamentation Characteristics   

109 

 

   

Figure 5.3(c): Comparison of experimentally measured separation 
between the filaments and the estimated values for different tilt angles 

under f/12 focusing geometry 

 
 At any given lens tilt, the separation between the filaments increased 

linearly with decreasing NA. At a tilt of 160 the separation between the 

filaments is ~ 0.4 cm ,0.59cm and 0.94 cm for f/12 (NA ~ 0.04) ,f/7.5  (N.A 

~0.06) and f/6 (NA ~ 0.08) geometry respectively. The separation scaled almost 

linearly for the NA used in the measurements. 

 The SCE associated with the filaments illustrated interesting behaviour 

with increasing tilt of the lens. SCE spectrum with different focal geometry for 

different tilt angles is shown in figures 5.4 (a) to 5.4.(c). The SCE intensity 

decreased monotonically with increasing tilt angle. The reduction in the white 

light continuum emission can be attributed to the distinct separation and 

shortening of the filaments, which is clearly depicted in Fig 5.2. However, as 

we moved on to shorter focal lengths (or higher NA), the SCE intensity 

increased, up to 80 tilt, in the blue region of the spectrum over 550 – 650 nm. 
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The shorter the focal length the intense was the SCE in the blue spectral region. 

Above the tilt of 80, the spectrum decreased monotonically with increasing tilt 

angles. Under tight focusing geometry, though two filaments were observed, 

they had a certain region of overlap ensuring localization of the pulse energy 

over a continuous distance along the propagation direction. 

 

 

Figure 5.4(a): SCE spectra for different tilt angles under f/6  
focusing geometry. 
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Figure 5.4(b): SCE spectra for different tilt angles under f/7.5  

focusing geometry. 

 
 

Figure 5.4(c): SCE spectra for different tilt angles under f/12  
focusing geometry. 
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5.4 Conclusions 

 The dominant phenomenon of SCE is decreased monotonically with 

increased tilt angle of the focusing lens due to the shortening of the filaments. 

The observed phenomenon was found to be dominant for tight focusing 

geometries compared to loose focusing geometries. To conclude, a careful 

design of the astigmatism and geometrical aberration, can be utilized for 

making brighter SCE sources under tight focusing conditions, by exploiting the 

phenomenon of filamentation without conventional intensity clamping23, 24. 
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DYNAMICS OF TIGHTLY FOCUSED 

FEMTOSECOND LASER PULSES IN WATER  

 
6.1. Introduction 

6.2. Experimental technique 

6.3. Supercontinuum emission (SCE) studies from water 

6.4. Conclusions 

 

Abstract 

 We present the evolution of plasma dynamics vis-à-vis supercontinuum 

emission (SCE) resulting from propagation of tightly focused 40 femtosecond 

(fs) laser pulses propagating in water over a large range of input powers from 

6 mW to 1.8W. The effect  of linearly polarized (LP) and circularly polarized 

(CP) light pulses on SCE in different external focal geometries (f/6, f/7.5and 

f/10) are discussed.  SCE with higher efficiency and a considerable spectral 

blue shift is observed under tight focusing conditions (f/6) compared to loose 

focusing conditions of (f/7.5) and (f/10). The effect of temperature on SCE from 

water is also investigated in this chapter. With higher input powers, the 

cavitation induced bubbles along the axis of propagation are found to be 

assisting deeper propagation of pulses and enhancement of SCE  

 

  

6 
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6.1. Introduction 

 From the initial observation of self-channeling of high-peak power 

femtosecond (fs) laser pulses in air by Braun et al. [1], propagation of intense fs 

laser pulses (peak intensities > 1012 W/cm2) in different media has been one of 

the intriguing research areas due to the interest in both fundamental science [2] 

and technological applications [3-5].  The propagation of intense fs pulses in 

transparent condensed media or gases is characterized by strong modification of 

its spatial and temporal profile due to the dynamic interplay between the self 

collapse of the laser pulse and the associated spectral broadening due to self-

phase modulation (SPM) [6-7]. The spectral manifestation of the spatio-

temporal modifications of focused laser beam in a medium results in a broad 

frequency sweep known as Supercontinuum emission (SCE) extending, 

typically,from ultraviolet to the near infrared range[6]. SCE associated with 

filamentation of fs laser pulses occurs when the laser power (P) exceeds critical 

power for self-focusing (Pcr) in the medium [6-7]. Potential applications of this 

phenomenon include optical pulse compression, [8] fs-LIDAR, and remote 

sensing [9]. Although the main mechanisms responsible for SCE is believed to 

be self-focusing followed by SPM, the evolution of SCE under different 

situations is not understood completely. Different mechanisms generate diverse 

components of the SCE/white light spectrum at certain positions along the 

propagation direction of pulse [6].Self-steepening, space time focusing, plasma 

generated by multi-photon ionization, four wave mixing are also believed to 

play a significant role [6]. 

 Despite wide variety of applications, the generation of SCE phenomenon 

due to filamentation has mainly been associated with long range propagation of 

intense fs laser beams in a variety of media confined to unfocused or loosely 
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focused geometries [10-15].A few recent attempts were directed towards 

understanding the ultrashort laser pulse filamentation [16-22] and the generated 

SCE at lower input powers [22,23] with tightly focused beams. While many 

efforts were made towards achievement of spectrally flat SCE, with large blue 

shifted spectrum [24 – 28], the extent of blue shift from a medium has been 

reported to be constant due to the phenomenon of intensity clamping [14]. In 

view of recent observations of filamentation without intensity clamping [22] (b)  

interconnection between the spatial and spectral evolution of fs pulses in air 

under tight focusing conditions, due to complete ionization of the medium [19-

22,29] (c) the observation of  nonlinear interaction of fs pulses with water using 

high angle Bessel beams depositing higher energy into the medium [30], and 

(d) the directional ejection of micro bubbles, we investigated  the spectral 

evolution of SCE from the propagation of tightly focused femtosecond laser 

pulses in water. 

6.2. Experimental technique 

 A schematic illustration of the experimental setup for generating SCE 

from water is depicted in figure 6.1(a).Transform limited 40 fs, 800 nm p-

polarized laser pulses at a repetition rate of 1 kHz (Coherent; Legend-USP) 

were focused into an 80 mm-long glass cuvette containing double distilled 

water. The amplifier was seeded with 15 fs pulses from an oscillator (MICRA, 

Coherent) having  1 W average power, 80 MHz repetition rate, 60 nm typical 

FWHM spectral width at  800 nm central wavelength. The input diameter (1/e2) 

before the focusing element was 10 0.1 mm. BK-7 plano-convex lenses of 

focal length 60 mm, 75 mm and 100 mm were used to achieve the required 

focal geometries (numerical aperture (NA) of f /6=0.083/; f /7.5 =0.066 and f 

/10 =0.05) respectively. For all the focusing geometries, the focus was ensured 

to be at an identical position within the cuvette. 
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  An attenuator, a combination of a half wave plate ( HWP) and a Brewster 

polarizer (BP), was used to vary the input pulse energy entering the medium. A 

quarter wave plate (QWP) was employed after the attenuator to change the 

polarization of the pulse. Part of the SCE generated was collected using a fiber 

optic coupled spectrometer (USB 4000, Ocean Optics) with a resolution of -1.3 

nm. A color CCD camera (SP620U,Ophir-Spiricon) synchronized with a laser 

pulse was used to image the self-emission and CIB (cavitation induced bubble) 

from the propagating filament inside water and for estimating the diameter of 

the energy reservoir surrounding the filament inside the medium. A set of 

calibrated neutral density filters were placed in front of the spectrometer and 

CCD camera to avoid saturation of the sensor. The pulse duration of the 

incident and the transmitted 800 nm pulses were measured using ‘Silhouette’ 

(Coherent, USA) based on the multi-photon intra-pulse interference phase scan 

(MIIPS) technique [32]. Appropriate adjustments were made with the laser 

compressor gratings to ensure that the final pulse duration entering the water 

cuvette was indeed 40 fs. 

 SCE spectra were collected for 350 laser shots to reduce the noise from 

pulse to pulse fluctuations. The experiment was performed for both LP and CP 

pulses over the power range of6 mW–1.8 W (energy range of 6 µJ to 1.8mJ per 

pulse). The power of the incident transmitted 800 nm pulses and the SCE were 

measured using a power meter (Coherent, PM30). The power entering the 

medium post Fresnel losses (due to the focusing lens, the entrance face of the 

cuvette and the cuvette–water interface)  was considered as the input power 

(Pabs) for all calculations. We observed that 68–70% of the incident laser power 

was absorbed by the medium. The efficiency of the SCE (ηSCE) is estimated as 

PSCE/Pabs. A 800 nm filter was used to cut off the transmitted input laser pulses 

after the cuvette while measuring the efficiency of SCE. The critical power for 
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self-focusing is calculated from the equation Pcr= 3.77λ2/8πn0n2 where λ is the 

central wavelength, n0 and n2 are the linear and nonlinear refractive indices, 

respectively. The Pcr for water is taken as 4.4 MW [33]. 

 
Figure 6.1(a) Schematic experimental setup for investigating SCE from double 
distilled water using focused fs pulses. HWP-Half Wave Plate, BP- Brewster 
Polarizer in the reflection mode, QWP-Quarter Wave Plate, L- Lens, C-Cuvette, 
S-Screen, NDF-Neutral Density Filter and CCD – Camera. 

 Figure 6.1.(b) Side view of the filament within the cuvette and the SCE 
generated with f/6 focusing geometry at 6929Pcr for LP pulses. 

6.3. Supercontinuum emission (SCE) studies from water 

In this section we discuss our results of SCE from a condensed media, 

water  for linearly polarized (LP) and circularly polarized (CP) 40fs pulses in 

water over a wide range of input powers from 6 mW to 1.8 W corresponding to 

pulse energies of 6 µJ to 1.8 mJ. The interesting role of cavitation induced 

bubbles (CIB) in enhancing the SCE with tight focusing geometries and at high 

input powers where intensity is clamped is also studied.  The co-existence of 
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SCE  associated with filamentation and the CIB due to the breakdown of water 

is observed in water under tight focusing geometries. 

6.3.1.  SCE spectral studies with linearly polarized  fs laser pulses 

The femtosecond pulses propagating in water produced SCE with 

conical coloured rings at low input powers and SCE with predominantly white 

coloured central portion at high input powers. Figure6.1(b) shows an image of a 

typical filament propagating inside water and the associated SCE at an input 

power of 1.25 W for LP pulses in the f /6 focusing geometry. The filamentation 

is observed to start ahead of the geometrical focus for all the three focusing 

geometries. The filaments were propagating for over 15–53 mm inside the 

cuvette corresponding to 74–84 Z0, where Z0 is the Rayleigh range of focusing 

geometries used in the present study. The onset of filamentation starts from the 

geometrical focus towards the lens with increase in the input power. Figure 6.2 

shows the SCE spectrum recorded at different input powers for LP pulses with f 

/7.5 focusing geometry. The spectra demonstrated broadening towards both 

sides of the central wavelength. The symmetrical spectral broadening about the 

incident laser wavelength (800 nm) is ascribed to the Kerr nonlinearity induced 

SPM. The asymmetric component in the blue spectral region occurs due to 

processes such as space–time focusing, self-steepening, [34] plasma formation 

that arise from free electrons generated through multi-photon ionization (MPI) 

in gases and multi-photon excitation (MPE) in condensed media [6]. In addition 

to the asymmetric broadening there is a marked dip near 611 nm superimposed 

on the white light continuum corresponding to an inverse Raman effect due to 

the –OH stretching bond (3650 cm-1) [25, 26, 35] of water. The Raman dip 

intensity increased with increasing excitation energy indicating the participation 

of more water molecules in the process as more of the excitation energy was 



Dynamics of tightly focused femtosecond laser pulses in water 

123 

converted into Raman modes. The SCE spectrum (figure 6.2) shows a flat 

response in the 550–750 nm spectral range excluding the inverse Raman dip at 

611 nm.  

 
Figure 6.2 SCE spectra with LP pulses obtained in f/7.5 focal geometry 

at an input power of 0.125, 0.31 and 0.56 W. The data is plotted in 
logarithmic scale for convenient comparison. 

6.3.2. Supercontinuum emission studies under different focusing geometries  

The SCE spectra for different focal geometries of f /6, f/7.5 and f /10 at 

an absorbed power of 1.2 W for LP and CP pulses are shown in figure 6.3(a) 

and 6.3(b) respectively. The spectra illustrate noticeable enhancement in both 

the symmetric and asymmetric branches of SCE for tight focusing geometry. 

Tighter focusing in the case of f/6 geometry has resulted in increased 

conversion of incident laser pulse energy into SCE, especially towards the blue 

side of the spectrum indicating the role of tighter focusing on the evolution of 

SCE spectrum in terms of increased peak intensity near the focal plane. Along 

with SCE associated with filamentation ,phenomenon of CIB is also observed at 

very low input powers (300mW) for the f/6 focusing geometry whereas in the 
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case of f/10 focusing geometry  the co-existence of  filamentation and CIB is 

observed at ~700mW indicating that more laser energy is deposited at the focal 

plane of the medium with tight focusing geometry. 

Figures 6.4 (a), (b) and (c) show the filamentation of fs pulses in water 

under f/6, f/7.5 and f/10 focusing geometry respectively. We can observe a 

highly intense and bright filament core under f/6 geometry and a less intense 

diffracted cone of filament in the f/10geometry. This is the clear evidence for 

the localisation of laser pulse energy in the tight focusing geometry compared 

to the loose focusing geometry 

 

 
Figure 6.3(a) SCE spectra from water with f/6 (black line), f/7.5 (red 
line) and f/10 (blue line) focusing geometries at 1.2 W for LP pulses 
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Figure 6.3(b) SCE spectra from water with f/6 (black line) and f/7.5 (red 
line) and f/10 (blue line) focusing geometries at 1.2 W for CP pulses. 

 

Figure 6.4:Top view of the filament in water (a) for f/6 focusing 
geometry (b) for f/7.5 and (c) for f/10  focusing   geometry 
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6.3.3. Role of input polarization on the SCE 

In this section we discuss our results obtained using linearly and 

circularly polarized laser beams. The input polarization of the pulse was 

changed from LP to CP simply by rotating the quarter wave plate .A reduction 

in the SCE intensity is observed at low input powers as we move from LP to CP 

pulses for all the three focusing geometries which is in good agreement with 

earlier reports [35].However, with increasing input powers the difference in 

SCE from LP and CP pulses is observed to be negligible due to the increased 

presence of the CIB along the propagation direction. Figure 6.5 shows a 

reduction in the intensity of SCE for CP pulses compared to that of   LP in the 

case of f/6 focusing geometry. The same trend is observed in all other 

geometries. 

The main contributing mechanism of SCE is   Multi Photon Excitation 

(MPE) enhanced Self Phase modulation (SPM), four wave mixing processes, 

and avalanche –ionisation enhanced SPM. Petit et.al have showed that the MPE 

process is  strongly dependent on the input polarisation of the laser .More 

energy is required for CP light to reach the same number of ions created by LP, 

and  hence MPE is less efficient for CP pulses . 

In femto second time scales only non-resonant electronic mechanism is 

relevant and LP light induces 1.5 times higher ∆n than CP pulses [35]. 

Consequently the onset of self focusing and  SCE will be faster for  LP pulses . 

The ratio of 1.5 in the critical power for self-focusing with LP and CP pulses 

accounts for MPE being less efficient for CP pulses [6]. For a given NA, the 

ratio of SCE intensities for CP and LP pulses (SCECP/SCELP) as a function of 

wavelength is always less than 1, confirming the reduction of SCE with CP 

pulses in contrast to LP pulses. 
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Figure 6.5: Variation of SCE with LP &CP pulses for f/6  
focusing geometry in water 

6.3.4. Studies on the role of minimum wavelength (λmin) and intensity 
clamping on SCE 

The blue edge of the SCE spectrum, i.e., the minimum cutoff 

wavelength (λmin) or maximum positive frequency shift (ωmax) as a function of 

the input laser power from the collected SCE spectra, is  found to decrease 

continuously with increasing input power for all the focusing geometries. 

Figure 6.6a shows the variation of λmin for both f/6, f/7.5 and f/10 focusing 

geometries for LP pulses and 6.6 (b) shows the variation of λmin for LP &CP 

pulses for f/6 focusing geometry. At lower input powers (<30mW), the λmin is 

almost the same for all the focusing geometries and the separation becomes 

considerable (~100nm) over the 50mW-600 mW input power range. The λmin 

was found to be more blue shifted for f/6 focusing geometry compared to   f/7.5 

and f/10 focusing geometries at input powers>50mW. This clearly demonstrates 

the presence of higher intensities in the vicinity of interaction region (focal 

plane) for f/6 focusing geometry and also reveals the blue shift of the SCE 
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spectra due to the external focusing of the fs pulses inside transparent media. 

With increasing input powers, λmin has showed interesting evolution. Under f/6 

focusing geometry, λmin decreased in two rates of Pabs before and after 100 mW, 

while for f/7.5 and f/10 focusing geometries, the transition occurred in three 

different power regimes of 6 – 50 mW, 100 – 600 mW and beyond 600 mW. A 

similar blue shift of  SCE  was observed in the SCE from air using  tight 

focusing conditions [21] though the variation of λmin observed in water was 

small compared to that observed in air, because air molecules can be 

completely ionized without being opaque[20]. Although plasma electron 

densities of about  7×1020 cm-3, which increases with tighter focusing geometry, 

were observed in numerical simulations (tight focusing geometry of f/3.4 at 

pulse energies of 4µJ)[22], the complete ionization of the medium at high input 

powers without being opaque needs further exploration due to the higher 

number density (1022 cm-3 at 1 atmosphere compared to that of 1019 cm-3 in air) 

in spite of the optical bandgap and order of MPI being less than that of air. 

However, λmin has become constant   with increasing input powers above 300 

mW,500mW and 700 mW in f/6, f/7.5 and f/10 focusing geometries 

respectively, indicating the presence of intensity clamping which is ~ 1 TW/cm2 

for water. This intensity is sufficient to cause breakdown of water and cause 

CIB near the focal plane, that is, within the interaction region of laser pulse 

inside water[36].  

 The evolution of CIB was studied by capturing the self emission from the 

wake of fs pulses/filaments propagating in water (figure 6.7). Higher intensity 

and brighter SCE in the f /6 geometry compared to that of f/7.5 and f/10 

geometries clearly indicates the presence of interesting dynamics inside the 

medium. Moreover, λmin for f/6 geometry was always more blue shifted 

compared to other focusing geometries (figure 6.6(a)).  
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Figure 6 .6 Variation of minimum wavelength (λmin) with absorbed input 
power P/Pcr(a) for f/6,f/7.5  and f/10 focusing geometries for LP pulses. (b) 

for LP and CP pulses in f/6 focusing geometry. 
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 Notably, the separation of blue shift between the focusing geometries 

increased with increasing input powers (figure 6.6(a)). This behaviour was 

more dominant beyond Pabs of 100 mW, where the onset of CIB was observed 

for the focusing geometries used. Figure 6.6 (b) shows the variation of λmin with 

CP and LP pulses under f/6 focusing geometry. 

6.3.5. Efficiency of Supercontinuum emission under different focusing 

geometries 

 Figure 6.8 shows the efficiency of the SCE with LP pulses for f /6 ,f/7.5 

and f /10 focusing geometries. SCE with an efficiency of ~7% ~9% and ~10% 

was observed with f/10,f/7.5 and f /6 focusing geometries, respectively. With 

increasing NA from 0.05 (f /10) to 0.083 (f /6) the efficiency of SCE (ηSCE) was 

observed to increase by 1.5 times indicating higher conversion efficiency. The 

spectral flatness also increased with increasing numerical aperture (NA) and 

input powers. However, the flatness reduced slightly with CP pulses compared 

to that of LP pulses. 

 At lower input powers, ηSCE is observed to be similar (~9%) for all 

focusing conditions (figure 6.8). With a gradual increase of Pabs, an interesting 

dependence of ηSCE   on focusing conditions was observed. For f /6 focusing 

geometry ηSCE   has remained almost constant, while for f /10 it decreased quite 

significantly to 6%. The difference in the ηSCE has become more obvious above 

Pabs ~ 300mW(30 µJ).Incidentally, the CIB is more obvious around 300 mW. 

The separation between the CIB at different points along the propagation 

direction decreased with increasing input power (figure 6.7(a)) and increasing 

NA (figure 6.7(b)). 
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Figure 6.8 Variation of SCE efficiency (%) with Pabs for f/6 (blue 
spheres), f/7.5 (red spheres) and f/10(black spheres)  focusing geometries. 

6.3.6. Effect of temperature on SCE 

 Figure 6.9 shows the SCE spectrum recorded at 1.27 mJ, corresponding to 

6400 Pcr, with f/6 focusing geometry for different temperatures. The 

experiment is performed in a similar manner as explained in Section.6.2.  In 

order to investigate the temperature dependence of SCE from water, the 

temperature of water was varied over 50 degrees from 308 K to 353 K. Part of 

the SCE generated was collected using a fiber optic coupled spectrometer (USB 

4000, Ocean Optics) with a resolution of 1.3 nm. A set of calibrated neutral 

density filters were placed in front of the spectrometer to avoid the saturation of 

sensor. SCE spectra were collected for 100 laser shots to reduce the noise from 

pulse to pulse fluctuations.  The magnitude of SCE spectra is enhanced with 

SCE is enhanced with the decrease in temperature. This enhancement is 

interpreted by the change in temperature dependence refractive index and the 

corresponding change in the critical power (Pcr) required for the SCE. The 
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change in refractive index ∆n due to a temperature rise ∆T can be expressed by 

∆n = (dn/dT) ∆T where dn/dt is called the thermo-optic coefficient. In most 

liquids and solids this is due to a density change (i.e. expansion) with 

temperature. Since the density decreases in expansion and the nonlinear 

refractive index is proportional to density, n2 will decrease.  This decrease in n2 

will proportionately increase the critical power for self focusing. We therefore 

conclude that the SCE is enhanced with the decrease in temperature. 

 

Figure 6.9 SCE spectrum recorded at an input power of 1.27mJ (6400 
Pcr) for different temperature in water. 

6.3.7. Influence of Cavitation Induced Bubbles (CIB) in SCE 

 The bubbles filled with gas or vapour can emit light when collapsing 

violently in a surrounding liquid upon strong excitation. The cavitation bubbles 

are produced by focused laser light and make a single strong collapse [44]. We 

believe that the micron-sized CIB [5, 37] along the propagation direction act 

like tiny spherical lenses for filament propagation by refocusing the diverging 

laser energy and the trailing edge of the pulse along the propagation axis 
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overcoming the diffraction. This leads to increasing deposition of laser energy 

during the propagation of fs pulses and the enhanced SCE in the wake of fs 

pulses. The observed anomalous increase in the λmin beyond the clamping 

intensity seems to originate from the plasma evolution around the focal plane. 

Moreover, the trailing part of fs pulses was observed to support higher 

intensities during filamentation [38]. The CIB, due to fs pulses, were observed 

to live up to few tens of ns with energy-dependent sub-micron to micron 

diameters [5, 37]. Though the CIB and their interaction is a hydrodynamic 

phenomenon lasting less than 1 ms which is relatively slow when compared to 

the ultrafast processes occurring later in the wake of the fs pulse, the laser-

produced plasma starts expanding within 20 ps due to electron–ion energy 

transfer time, effectively inducing a temperature above 200 0C due to the 

ultrafast phase transitions [39]. The formation of CIB due to fs laser pulses is 

observed to be a very dynamic process below and above the breakdown 

threshold of the medium with a typical free electron density of~3.5 X 1020 cm-3 

at the end of the laser pulse [5]. Beyond the threshold energy the CIB 

progresses as explosive vaporization due to phase explosion with peak focus 

temperatures >300 0C [5]. The phenomenon of CIB in water due to fs pulses is 

observed to start at intensities higher than TW cm-2 [36, 40] and is strongly 

dependent on the pulse energy, duration and repetition rate [37]. The plasma 

shielding effect that counters the propagation of laser pulses inside the medium 

is observed to reduce as the incident pulse duration becomes shorter [36]. We 

also strongly believe that in the tight focusing geometry, the initial high beam 

curvature, due to external focusing, leads to a higher degree of  ionization of the 

medium, leading to dynamically interacting CIB acting like a series of spherical 

lenses which in turn prevent plasma defocusing from playing any significant 

role in the intensity clamping [5,22]. A similar phenomenon corresponding to 
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the fully ionized medium with electron density up to 2 X 1019 cm-3 in 

filamentation in air under similar focusing conditions (NA of 0.11) and in the 

range of 1018–1019 cm-3 for NA  of 0.08 [20–22, 39–41] due to the external tight 

focusing conditions, was recently reported. In condensed media such as water 

or solids the phenomenon is expected to be totally different due to low 

ionization thresholds and higher densities. 

 Many other phenomena such as (i) the propagation of tightly focused fs 

pulses inside water [30, 31], (ii) ionization, plasma shielding and breakdown 

phenomena of water at intensities greater than TW cm-2 within the filament [36, 

40], (iii) the effect of pulse splitting [29] and (iv) interaction of the cavitation 

bubbles in water [30, 31, 42, 43] with high repetition rate pulses need to be 

understood completely so as to devise practical high-intensity SCE sources. 

6.4. Conclusions 

 In this chapter, the effects of external tight focusing conditions on the 

evolution of SCE resulting from the propagation of 40 fs laser pulses in 

water is studied in detail.  

 A flat SCE with an   efficiency of ~ 6% for f/10 focusing geometry ~8%  

for f/7.5 and  ~10%  for f/6 focusing geometry are observed with tightly 

focused fs pulses.  

 The SCE from tight focusing geometry was always higher than the loose 

focusing geometry for both LP and CP pulses.  

 For tighter focusing geometries, however, the minimal cutoff 

wavelength (λmin) for the SCE got saturated at higher input powers, and 

CIB along the propagation axis is observed to assist further propagation 
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of fs pulses, thereby generating enhanced SCE. This makes it possible to 

stretch the intensity levels of fs pulses inside the medium beyond the 

clamping value. 

 The SCE from water is enhanced with the decrease in temperature. It is 

explained that the decrease of temperature  results in the  lower critical 

power for self focusing due to the increase of the linear and nonlinear 

refractive index of the water 

 Controlled deposition of laser energies around the focal region with 

tighter focusing conditions is an interesting way of generating enhanced 

SCE which paves a path for novel intense sources of radiation and 

several possible practical applications. 
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Abstract 

 We present our results from the measurements of third-order optical 

nonlinearity in DNA doped Rhodamine 6G/PVA films achieved through Z-scan 

measurements using ~2 picosecond (ps) pulses at a wavelength of 800 nm. The 

films demonstrated negative nonlinear refractive index (n2) with magnitudes of 

(0.065 - 2.89)×10–14 cm2/W with varying concentration of DNA. Open aperture 

data demonstrated strong two-photon absorption with a magnitude of ~1.6 

cm/GW for films doped with 2 wt% of DNA. These data suggests that DNA is a 

promising material for photonic applications such as optical switching.  

  

7 
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7.1. Introduction 

Deoxyribonucleic acid (DNA), a highly nonlinear bio- organic polymer, 

has been investigated as a photonic material recently with adequate success [1-

14]. Biomaterials are interesting due to their remarkable properties which are 

not easily replicated with conventional organic or inorganic materials in the 

laboratory. Furthermore, natural biomaterials are a renewable resource and are 

inherently biodegradable [1]. Two DNA strands organize a DNA double helix 

through hydrogen bonds between the bases and are stabilized by π-π 

interactions [2]. DNA in solid-state (thin-film) form has unique combination of 

optical and electronic properties, which forms the foundation of DNA photonics 

[3-4]. This potentially viable organic polymer has established various 

applications in organic light emitting diodes (OLED), organic thin film 

transistors, polymer electro-optic modulators, polymer lasers etc. [5-6]. OLEDs 

containing DNA electron blocking layers have been recently reported [7] to 

exhibit significant enhancement in luminance and luminous efficiency [8]. 

DNA films produced by treating aqueous solution of DNA with a cationic 

surfactant such as cetyl trimethyl ammoniumchloride (CTMA) and doped with 

Sulphorhodamine (SRh) have been reported to exhibit photoluminescence 

intensity more than an order of magnitude higher than that of SRh in PMMA 

[10]. Dye doped DNA media have demonstrated amplified spontaneous 

emission with pulsed laser excitation [11]. Sznitko et al. [13] success-fully 

demonstrated amplified spontaneous emission and lasing action in 

deoxyribonucleic acid blended with cetyltrimethyl-ammonium chloride 

surfactant and doped with 3-(1,1-dicyanoethenyl1)-1phenyl-4,5dihydro-1H-

pyrazole organic dye. Hanczyc et al. [14] observed remarkable multiphoton 

absorption properties of DNA intercalating ruthenium complexes such as 

[Ru(phen)2 dppz],[(11,11’- bidppz)(phen) 4Ru2]4+ and [11,11’-bipb (phen) 
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4Ru2]4+ in the spectral range of 460 to 1100 nm. Nonlinear optical (NLO) 

properties of DNA in solution form [15] and in silica films [16] have been 

investigated recently. Our group recently reported the NLO properties of 

Rhodamine 6G-PVA solutions doped with DNA where we observed saturable 

absorption (SA) at lower concentration of DNA and switching behavior at 

higher concentrations [17]. We expect completely different performance in thin 

film form and with shorter pulse excitation since the intersystem crossing rates 

are much slower compared to the pulse duration [18]. Moreover, for any novel 

nonlinear optical (NLO) material investigated, one needs to apprehend the 

linear absorption, nonlinear absorption, and nonlinear refractive index 

magnitudes in various forms such as solutions and thin films to establish their 

potential in appropriate fields of interest.  

7.2 Nonlinear optical measurements- Z-Scan 

 The Z-scan measurement technique, a simple experimental procedure 

devised by Sheik– Bahae [19, 22], has been extensively used to characterise the 

optical nonlinearities of materials. It is a sensitive as well as a single beam 

technique; comparable to interferometric methods. This method employs the 

principle of spatial beam distortion for the determination of both sign and 

magnitude of the refractive and absorptive nonlinear coefficients. The 

sensitivity of the Z-scan technique is enhanced by the applications of novel 

extensions such as EZ-scan (eclipsed Z-scan) [23], reflection Z scan, Z scan 

using top hat beams, dual wavelength (two color) Z scan[24-25] . In EZ Scan, 

the wings of a circular Gaussian beam are much more sensitive to the far-field 

beam distortion whereas the dual wavelength (two-color) extension of the 

standard Z-scan technique has been used to measure the non-degenerate 

nonlinearities. The dual wavelength extension of Z scan is utilised to study the 
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time resolved dynamics of the sample by introducing a time delay between the 

pump and probe.  A reflection Z-scan technique was introduced to study the 

optical nonlinearities of surfaces. The standard experiment uses a Gaussian 

beam from a laser in tight focus geometry to measure the transmittance of a 

nonlinear medium through a finite aperture in the far field as a function of the 

sample position Z, from the focal plane. This technique is called closed aperture 

Z-Scan in which the transmitted light is sensitive to both nonlinear absorption 

and nonlinear refraction [19,22] In addition to this, the sample transmittance 

without an aperture is also measured to extract complementary information 

about the absorptive nonlinearities of the sample and this mode of measurement 

is referred to as open aperture z-scan [19].  

7.2.1 Nonlinear Absorption 

 Nonlinear absorption refers to the change in transmittance of a material as 

a function of intensity or fluence [27] and the Open aperture z-scan technique is 

used to measure nonlinear absorption in the sample. At low intensities, the light 

absorbed by a medium   shows a linear increase with the incident power, 

resulting in constant transmittance whereas at high intensities, enhanced 

absorption of radiation is observed due to multiphoton absorption. The former 

case, termed as linear absorption can be fully explained by Beer Lamberts law  

 ( )zIzI )(exp)0()( ωα−= , (7.1) 

where )0(I  is the incident intensity,  )(ωα  is the linear absorption coefficient, z 

is the propagation depth in the absorbing medium and )(zI  is the intensity at a 

depth z. Any deviation from this law is referred to as non linear absorption. 

 The enhanced absorption of radiation at high intensities due to 

multiphoton absorption, population redistribution, complicated energy 
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where ( )1+nγ  is the (n+1) photon absorption coefficient. 

 In organic molecules, transitions are possible to higher energy singlet and 

triplet manifolds. The excited electrons can rapidly make a transition to higher 

excited states before it eventually make transitions back to the ground state. 

There are also a number of higher lying states that may be radiatively coupled 

to these intermediate states, and for which the energy differences are in near-

resonance with the incident photon energy. Therefore, before the photon relaxes 

to the ground state, it may experience absorption that promotes it to a higher-

lying state. This process is called Excited State Absorption (ESA). 

 When the absorption cross section σଵଶfrom the first excited molecular 

state to the higher state is greater than σ01 from ground state to first excited 

state, more molecules are promoted to the excited state with the increase in the 

optical  excitation energy, thus giving rise to higher absorption .This is called 

Reverse Saturable Absorption (RSA).When the absorption cross-section from 

excited state  ሺσଵଶሻ is smaller than that from the ground state ሺσ01), the 

transmission of the system will be increases with  high intensity laser beam. 

This process is called saturable absorption(SA). 

7.2.2 Open Aperture Z-scan to study NLA 

 Open aperture z-scan technique is employed to measure absorptive 

nonlinearity in the sample. If nonlinear absorption such as two photon 

absorption is present, it is manifested in the measurements as a transmission 

minimum at the focal point.[19].The presence of multi-photon absorption 

suppresses the peak and enhances the valley, while saturation of absorption 

produces the opposite effect. The sensitivity of the experiment to refractive 

nonlinearities is entirely due to the aperture. The removal of the aperture will 

make the Z-scan sensitive to absorptive nonlinearities alone. 
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 In the low excitation regime, the intensity dependent nonlinear absorption 

coefficient )(Iα  can be written in terms of linear absorption coefficient α and 

2PA coefficient β  as 

 II βαα +=)(  (7.4) 

This modifies the irradiance distribution at the exit surface of the sample as 
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where effLtrzItrzq ),,(),,( β=  (7.5(a)) 

 effL  is the effective length and is given in terms of the length of the 

sample  by the relation
( )

α
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eL
−−

=
1

 (7.6) 

 The total transmitted power P(z, t) is obtained by integrating equation  

over z and r and is given by    
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where )(tPI  and ),(0 tzq  are given by 
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 Assuming a spatial and temporal Gaussian profile for laser pulses and 

utilizing the open aperture Z-scan theory for two photon absorption (2PA) 
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given by Sheik-Bahae et al. [19] , the equation for 2PA open aperture (OA) 

normalized power transmittance given by  

  ( )2

01
2

0

( ) ln 1cT z q e d
q

τ τ
π

+∞
−

−∞

= +∫   (7.8) 

If 0q <1 ,   the equation (7.8) can be written as  
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where m is an integer. Once open aperture Z-scan is performed, the parameter 

 ଴ can be obtained by fitting the experimental results to equation (7.8).Then theݍ

nonlinear absorption coefficient  can be unambiguously deduced using equation 

(7.5(a)).The imaginary part of third order susceptibility )3(χ  determines the 

strength of the nonlinear absorption. The 2PA coefficient is related to Im )3(χ  by 

the relation 

 
)(

240
)()Im( 2

22
022

22
00)3( esucnVmcn

ωπ
β

ω
βεχ == −      (7.10) 

where λ is the excitation wavelength, 0n  is the linear refractive index, 0ε  is the 

permittivity of free space and c the velocity of light in vacuum. 

7.2.3 Closed-aperture Z-scan for sign and magnitude of refractive 

nonlinearity 

 Closed aperture Z-scan is an example of self-refraction phenomenon or 

self phase modulation in space. In the absence of nonlinear absorption, a well-

defined peak and valley are observed .A sample displaying nonlinear refraction 

will acts as a lens of variable focal length as it moves along the z axis. 
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Consider, for instance, a material with a negative nonlinear refraction and of 

thickness smaller than the diffraction length (also known as Rayleigh length, 

λ
πω 2

0
0 =z ) of the focused beam being positioned at various positions along the 

Z-axis. Z-scan technique is highly sensitive to the profile of the beam and also 

to the thickness of the sample. Any deviation from Gaussian profile of the beam 

and also from thin sample approximation will give rise to erroneous results. For 

ensuring that the beam profile does not vary appreciably inside the sample, the 

sample thickness should always be kept less than the Rayleigh range.  

 The sample under consideration is treated as a thin lens of variable focal 

length due to the change in the refractive index at each position (n = n0 + n2I). 

When the sample is far from the focus and closer to the lens, it exhibits 

negligible nonlinear refraction .At this position the irradiance is quite low and 

the transmittance characteristics are linear. Hence transmittance through the 

aperture is fairly constant at this region. As the sample is moved closer to the 

focus, the increased irradiance induces a negative lens effect which collimates 

and shifts the waist of the laser beam. This results in the narrowing of beam 

leading to an increase in the measured transmittance at the aperture. A 

maximum transmittance through the aperture is obtained when the sample is 

placed just in front of the focus. As the scan in z direction continues and passes 

the focal plane, the sample which acts as a negative lens increases the 

defocusing effect and tend to diverge the beam, resulting   in the decrease in 

transmittance. The maximum transmittance (peak) will drop to a minimum 

(valley) as the sample is moved further and the beam diverges as a result of 

negative lensing of the sample. A pre focal transmittance maxima followed by a 

post focal transmittance minima is the z-scan signature of negative refraction 

nonlinearity. 
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 It is worthwhile to visualize the various processes taking place in the 

sample, and its effect on the transmitted beam profile, as we scan the sample 

across the beam focus. While the input energy measured is kept unchanged, the 

medium experiences different incident irradiance at different positions, which is 

decided by the position dependent beam spot size w(z), given by, 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+= 2

0

2
2
0

2 1
z
zww  (7.11) 

 Nonlinear refraction in the medium induces a phase distortion in the beam 

profile that causes a change in the fraction of light passing through the aperture 

kept at far field. Therefore the aperture transmittance is a function of the sample 

position z In this way of describing z-scan, it is assumed that a purely refractive 

nonlinearity is present and that there are no absorptive nonlinearities such as 

multiphoton or saturation of absorption in the material.  

 Non linearity of any order can be measured using this technique,but for 

simplicity we are considering the cubic nonlinearity ,in which refractive index n 

can be described as 

 22
0 2

E
n

nn +=  or   Inn γ+= 0   (7.12) 

where ݊଴ is the linear index of refraction, E is the peak electric field (cgs), and I 

denotes the irradiance (MKS) of the laser beam within the sample. (n2, and are 

related through the conversion formula γ
π
⎟
⎠
⎞

⎜
⎝
⎛=

40
0

2
cnn  (m2/W) where c (m/s) is 

the speed of light in vacuum. The nonlinear refractive index is determined by 

several physical mechanisms, acting on a broad range of time scales. It is 

therefore necessary to be explicit about the contributing mechanisms in a 



Nonlinear Optical Characterization of DNA doped Rhodamine 6G-PVA films using picosecond pulses 

153 

particular experiment. The various contributions to n2 are n2 = n2 

(electronic)+n2 (vibrational) +n2 (electrostriction)+n2 (thermal) The response 

times of these various contributions can be estimated from simple arguments. 

The electronic and vibrational response times can be obtained from the 

frequencies of optical transitions involving the bound electrons and lattice 

vibrations; these are 10-15 s and 10-13 s respectively. The electrostrictive 

response time is roughly equal to the time required for an acoustic deformation 

to travel across the diameter of the optical beam which therefore depends on the 

geometry of the experimental set up, the optics used for creating the beam waist 

in the laser beam etc. In most experimental conditions using nanosecond pulses, 

this will be in the range of a few nanoseconds. By suitably choosing the optics 

and the beam parameters, it is possible to neutralize this effect if one desires so. 

Thermal diffusion time scales are even longer, and depend on the thermal 

properties of the medium. 

 Now let us consider the propagation of an intense laser beam through a 

material. At high intensities such as at the peak of an ultrashort laser pulse, the 

refractive index of any medium becomes a function of the incident intensity. 

Assuming a TEM00 Gaussian beam of beam waist radius ݋ݓ traveling in the 

൅ݖ direction, we can write E as 
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where the radius of curvature, R is defined as ⎟⎟
⎠

⎞
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⎝

⎛
+= 2

2
01)(

z
zzzR , z0 being the 

Rayleigh range, or depth of focus. )(0 tE  denotes the radiation electric field at 

the focus and contains the temporal envelope of the laser pulse. The ),( tzie ϕ− term 
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contains all the radially uniform phase variations. For calculating the radial 

phase variations )(rϕ∆ the slowly varying envelope approximation (SVEA) is 

used and all other phase changes that are uniform in r are ignored. 

⎟
⎠
⎞⎜

⎝
⎛

∆ )0(<< 0
ϕ

zL , where L is the sample length, and the amplitude √I and 

phase  φ of the electric field as a function of ݖᇱare now governed in the SVEA 

by a pair of simple equations 

 KIn
dz
d )(

'
∆=

ϕ    (7.14) 

 II
dz
d )(

'
αϕ
−=  (7.15) 

where ݖ’ is the propagation depth in the sample and )(Iα  in general includes 

linear and nonlinear absorption terms. In the case of cubic nonlinearity and 

negligible nonlinear absorption, the above equations (7.14) and equation (7.15) 

can be solved to get the phase shift ϕ∆  at the exit of the sample and is given by 
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where )(0 tϕ∆ is the on axis phase shift at the focus which is defined as 

 effeff LtInLtnkt )(2)()( 0200 λ
πϕ =∆=∆  (7.18) 

where )(0 tI  is the on axis irradiance at focus (i.e. at z=0).  

 The electric field at the exit surface of the sample now contains the 

nonlinear phase change and is expressed as, 
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l
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 To find out the field at the detector plane, one uses the Gaussian 

decomposition method (GD method) adopted by Weaire et al [29] For this, the 

nonlinear phase term is expanded as a Taylor series which modifies E, in 

equation (7.19) as a sum of infinite number of Gaussian beams. Thus 
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These Gaussian beams are individually propagated to the aperture plane and 

then added to get the resultant field,  αE . 
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 Defining d as the propagation distance in free space from the sample to 

the aperture plane and g ൌ 1 ൅ ୢ
ୖሺ୸ሻ

, the remaining parameters in the equation 

(7.21) are expressed as  
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 The on-axis electric field at the aperture plane can be obtained by putting 

r=0 in equation (7.21). In the limit of small nonlinear phase change ሺ∆߮଴ ൏ 1ሻ 

only two terms in the sum in equation (7.21) needs to be retained. The 

normalized z-scan transmittance can be written as  
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 The far field condition d>>z0 can give a geometry-independent 

normalized transmittance as ( )( )19
41),( 22

0
0 ++

∆
−=∆

xx
xzT ϕϕ   (7.23) 

where
0z
zx =  

 For a cubic nonlinearity, the peak and valley of the z-scan transmittance 

can be calculated by solving the equation 0),( 0 =
∆

dz
zdT ϕ  (7.24) 

Solution to this equation(24) yields the peak valley separation as 

  07.1 zz vp =∆ −      
  (7.25) 

Then the peak valley transmittance change is 0406.0 ϕ∆=∆ −vpT  (7.26) 

 Numerical calculations show that this relation is accurate to 0.5% for 

∆߮଴ ൑  For large aperture, this equation is modified within a ±2% accuracy ߨ

and is given by 0
25.0)1(406.0 ϕ∆−=∆ − sT vp   for 0ϕ∆ ൏  (7.27)  ߨ

where S is the linear transmittance of the far field aperture. From the closed 

aperture z-scan fit, 0ϕ∆  can be obtained. Then the nonlinear refractive index n2 

can be determined using equation (7.18) and is given by 
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2n  is related to ( ))3(Re χ  by the relation, 

 ( )
π

χ
3

)(Re 20)3( esunn
=  (7.30) 

From the real and imaginary part of ( ))3(χ   the modulus of third order nonlinear 

susceptibility can be found out. 

 
( ) ( )2)3(2)3()3( ImRe χχχ +=   (7.31) 

The magnitude of )3(χ is significantly affected by the molecular orientation and 

it determines the strength of nonlinearity of the material. 

7.3 Materials and Methods  

We had used DNA powder (SRL, extracted from herring sperm) of 

appropriate amount in polyvinyl alcohol solution (PVA-Merck) for carrying out  

the nonlinear optical studies. Since DNA and PVA are water soluble it is very 

easy to make thin films of DNA-PVA mixture. PVA solution acts as a good 

matrix for hybridization of functional molecules and has excellent film forming, 

emulsifying, and adhesive properties. In the DNA-PVA system we have 

incorporated Rhodamine 6G owing to its high fluorescence quantum yield, low 

intersystem crossing rate, and little excited state absorption [18]. PVA solutions 

(8 wt%) were prepared by dissolving appropriate amount of PVA in distilled 

water at 800°C under continuous stirring for 3 hr. Weighed DNA powder  was 

added to the prepared PVA solution. Rhodamine 6G dye was then added to 
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technique. Obtained films exhibited good optical transparency in the visible 

spectral range. The absorption spectra of prepared DNA films were 

characterized by using UV-VIS NIR spectro-photometer (Jasco V-570). 

Henceforth, pure Rh6G-PVA films are denoted as Rh6GPVA, DNA 1 wt% 

doped films are denoted as DNA1, and DNA 2 wt% doped films are denoted as 

DNA2.  

7.4   Experimental Technique 

NLO measurements were performed by Z –scan on DNA1, DNA2 films 

with thickness of ~100 µm. The Z-scan measurements [19] were performed 

using ~2 ps, 800 nm pulses with a repetition rate of 1 kHz from an amplified 

Ti:sapphire system (Legend, Coherent). The amplifier was seeded with ~15 fs 

pulses from the oscillator (Coherent, Micra).The beam waist (2ω0) at focal 

plane was estimated to be ~60 µm (FW1/e2M) with a corresponding Rayleigh 

range (Zr) of 3.5 ± 0.4 mm ensuring the validity of thin sample approximation. 

The input beam was spatially filtered to obtain a pure Gaussian profile in the far 

field. Z-scan studies [19,20,21] were performed by focusing the 3-mm diameter 

input beam using a 200 mm focal length convex lens into the sample in the psec 

domain. The sample was placed on a high resolution translation stage and the 

detector (Si photodiode, SM1PD2A, Thorlabs) output was connected to a lock-

in amplifier. Both the stage and the lock-in amplifier were controlled by a 

computer program. Closed aperture scans were performed at intensities where 

the contribution from the higher order nonlinear effects is negligible and the 

value of ∆ϕ estimated in all the cases was ൏  The experiments were repeated .ߨ

more than once and the best data were used for obtaining the nonlinear optical 

coefficients from the best fits. Schematic of the experiment is shown in  

figure 7.1 
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Figure7. 1:  Schematic for Nonlinear Optical Measurements using  

Z-Scan technique. 

7.5 Results and Discussion  

 Figure7.3 illustrates the linear absorption spectra of DNA1 film and 

Rh6GPVA film. Figure 7.3(a) shows the presence absorption peak near 260 nm 

which is the characteristic of DNA. The peak is due to π-π* (where π represents 

bonding orbitals and π* represents anti-bonding orbitals) transition of the 

electrons of C = C bond in DNA bases [10]. The prominent absorption peak of 

Rh6G, near 532nm, is evident from Figure7. 3(b).  

 Z-scan studies were performed by focusing the input beam using an 

achromatic doublet (f = 200 mm) for ps excitation. The peak intensities used in 

experiments were in the 100-150 GW/cm2 .All the studies were performed with 

thin films of thickness ~100 micrometer providing ~80% linear transmission at 
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800nm. We maintained similar intensity levels to ensure identical    

experimental conditions for all the samples. 

 

Figure7. 3 Absorption spectra and (a) Rh6G - DNA-PVA film  
(b) Rh6G-PVA film 

7.5.1 Two photon absorption with 800nm, 2ps pulses 

 Figures 7.4  (a) to (d) show the open aperture data (open circles ) of DNA 

doped Rh6GPVA thin films DNA1 and DNA2  recorded at 800 nm with 2 ps 

pulses and input peak intensities in the range of 100-130  GW/cm2. The 

presence of valley in normalized transmittance in open aperture (OA) scans 

indicates strong reverse saturable absorption (RSA) at these peak intensities 

beyond which the sample was damaged which was indicated by the 

discoloration of solutions. 
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Figure7. 4 Open aperture Z scan curves for (a) DNA1, 110 GW/cm2 (b) 
DNA1, 124 GW/cm2 (c) DNA2, 110 GW/cm2 and (d) DNA2, 124 GW/cm2. 
Open circles indicate the experimental data while the solid (blue) lines 
indicate theoretical fits 

 We have observed strong reverse saturable absorption (RSA) kind of 

behaviour in the intensity range mentioned above. For higher peak intensities 

the sample was damaged and indicated by the discoloration of the film. 

Obtained experimental data were fitted using equations 
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for two-photon absorption (2PA, β) 
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for three-photon absorption (3PA, γ) 
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where 2
000000 '2, ILpILq effeff γβ == ,β =2PA coefficient, γ =3PA coefficient, 

effL and 'effL is the effective path length in sample of length L for 2PA and 3PA 

respectively. 00I is the peak intensity at the focus. 

We found the best fit was obtained with the transmission equation for two-

photon absorption (2PA). The blue solid line in the figures (7.5.a) to (7.5.d) 

represent the theoretical fit with equation for two photon absorption (7.32) and 

the solid red line with equation for three photon absorption (7.33). It is evident 

that 2PA is the dominant mechanism for the observed RSA kind of behaviour. 

3PA fits are also shown in the figures (7.5.a) to (7.5.d) for comparison and 

undoubtedly the fits are off from the experimental data. 

Sample Power 
(mW) ( )2

00 /I GW cm  ( )910 /cm Wβ −×  

Rh6GPVA 4mW 110.44 0.26 

DNA1 
4mW 

4.5mW 

110.44 

124.25 

0.45 
1.10 

DNA2 
4mW 

4.5mW 

110.44 

124.25 

0.63 
1.61 

 
Table: 7.1 Nonlinear absorption properties with open aperture Z- scans: 

 The fits from Figure 7.4(a) (110 GW/cm2) provided a 2PA coefficient of 

0.45 cm/GW and Figure 7.4(b) (124 GW/cm2) provided 2PA coefficient of 1.10 

cm/GW for DNA1. The magnitude of β for DNA2 retrieved from the fits was 

0.635 cm/GW for 110 GW/cm2 and 1.61 cm/GW for 124 GW/cm2. The 

magnitude of β in Rh6GPVA film was < 0.25 cm/GW. 
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Figure 7.5 Open apertures Z scan curves for DNA 1 and DNA 2 obtained 
with 800nm, 2 ps pulses. Open circles experimental data while the blue 
solid line represents theoretical fits with two photon absorption. Red 
solid lines represent the fit with three photon absorption. Top two 
figures refer to DNA 1, bottom two figures refer to DNA 2 

7.5.2 Nonlinear refraction properties with closed aperture Z- scans 

Figure7.6  illustrate the typical closed aperture Z-scan curve obtained 

for DNA1, DNA2, and R6GPVA, respectively, recorded with a peak intensity 

of ~110 GW/cm2. These curves represent normalized data obtained after 

division of closed aperture data with the open aperture data to eliminate the 

contribution of nonlinear absorption. The curves were obtained at low peak 

intensities to avoid contributions to the nonlinearity that are not electronic in 

origin. It is apparent that both DNA1 and DNA2 show negative nonlinearity as 
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indicated by the peak-valley structure. The closed aperture data, TCA, were 

fitted to the equation  
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where ∆߮଴  is the phase change. We have evaluated the non linear refractive 

index using 
effLI

Wcmn
00

012
2 2

)(
π

λϕ∆
=−    (7.35) 

 
Figure 7.6 Closed aperture Z-scan curves for (a) R6GPVA film (b) 
DNA1 film and (c) DNA2 film. Circles/squares represent the data while 
the solid (blue) lines indicate theoretical fits 
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 The observed phase change (∆߮଴  ሻ was less than ߨ ሺ∆߮଴ =0.51 for DNA 

1 and 2.51 for DNA 2 respectively.). The magnitude of n2 was ~4.61×10-16 

cm2W-1 for Rh6G doped PVA film. The magnitude of n2 for DNA1 was 

~6.5×10-15 cm2W-1 while for that of DNA2 was ~2.89×10-14 cm2W-1. Both the 

magnitudes were higher than that of n2 recorded in Rh6GPVA.  Enhancement 

in n2 can be attributed to increase of charge transfer, which takes place in the 

system and is due to the presence of many highly polarizable conjugated ߨ 

electrons of DNA [17]. Moreover, the interactions due to intercalation into base 

pair stack at the core of double helix and/or insertion into the minor groove of 

DNA are documented to have strong impact on the optical characteristics.  The 

magnitudes of n2 (10-14 cm2W-1) obtained here are at least one order higher than 

those obtained in solution form (10-14 cm2W-1) using femtosecond pulses [15]. 

The magnitudes of 2PA coefficient obtained (1.61 cm/GW) are again higher 

than those obtained (0.2 cm/GW) in solutions [15].  Krupka et al. [26] obtained 

purely electronic, fast NLO susceptibility in a DNA–CTMA complex thin film 

with a third-order nonlinear optical susceptibility magnitude of 10-14 e.s.u. In 

our case the magnitudes of χ(3) were estimated to be 8.45×10-13 e.s.u. for DNA1 

and 2.72×10-12 e.s.u. for DNA2, respectively. 

Sample ( )2
00

/ cmGW

I
 ( )

14
2

2

10

/

n

cm W

−×
 

Rh6GPVA 110 - 0.46 

DNA1 110 - 0.65 

DNA2 110 - 2.89 
 

Table 7.2. Nonlinear refraction properties with closed aperture Zscan 
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7.6 Conclusions  

 We studied the NLO properties of thin films of Rhodamine 6G, 

doped with DNA, obtained using ps pulses.  

 The addition of DNA enhanced the NLO properties of thin films. We 

identified that the films demonstrated negative n2 with a highest 

magnitude of 2.89×10-14 cm2/W for DNA2 films.  

 Open aperture data demonstrated strong 2PA with a highest 

magnitude of ~1.6 cm/GW, again for DNA2 films.  

 We conclude that PVA is a good matrix for fluorescent dyes 

incorporated into the double helix of DNA molecule enabling them 

suitable for practical applications in optical devices. 
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8.1.   Conclusions 

8.2. Future Perspectives 
 

Abstract 

  This chapter summarizes the results obtained in this thesis. Future 
implications and directions are discussed in brief. 

  

8 
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8.1  Conclusions 

 We have presented the detailed , systematic and experimental study of 

filamentation in air and water under tight focusing regime and the nonlinear 

optical characterization of Rh6G doped -DNA-PVA matrix. This chapter 

summarizes the result of our studies on filamentation and characteristics of fs 

pulses in air, effect of lens tilt on Supercontinuum Emission, dynamics of fs 

pulses in water and the nonlinear studies of Dye- DNA system, highlighting our 

contributions. A brief outlook on future directions of the studies are also 

presented. 

 We have performed the experiments on filamentation and associated 

SCE in air for different input power and polarization, under three different 

geometries. The intensity of SCE spectrum using the tight focusing geometry is 

more compared to the loose focusing geometry indicating the conversion of 

laser energy to the SCE spectrum is more for tight focusing geometry. It is also 

noticed that the SCE spectrum is suppressed as we change the polarization from 

LP to CP. The most exciting feature of SCE spectrum is that, contrary to the 

earlier observation of a limit in the spectral extent of the SCE spectrum, the 

blue edge of the spectrum i.e., the minimum cutoff wavelength (λmin) as a 

function of the P/Pcr is found to decrease continuously for tight focusing 

geometries .This is an indication of the transition to a regime where we are able 

to go for an intensity beyond the clamping value. In the tight focusing 

geometry, the initial high beam curvature attributed to external focusing, leads 

to complete ionization of the medium which in turn prevents the plasma 

defocusing to play an important role in the intensity clamping. 

 As an effort to characterize the filaments and to estimate the filament 

intensity we have performed an analysis of filament length, width and intensity 
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under different input powers, polarization states and different geometries. It is 

found out that, for a given focusing geometry, the filament length and width 

increased with increasing input peak power. However, at higher NA, the length 

and width were observed to saturate. Breakup of a single filament into multiple 

filaments and fusion along the propagation direction were observed with higher 

NA and for CP pulses. Filament intensity inside a single filament is estimated 

from the self-emission and was found to be of the order of 1012 W/cm2.  

 The motivation of pursuing the lens tilting studies in the filamentation 

was to control the dominant phenomenon of multiple filamentation over long 

distances. However, no report to date has ever dealt with the effect of lens 

tilting on the filament properties under a tight focusing geometry. We have 

investigated  the role of focusing lens tilting on filamentation characteristics 

and Supercontinuum emission (SCE) for both tight and loose focusing 

geometries. Our results confirm that the filament splitting and SCE suppression 

is dominant at large angle of tilt and the SCE suppression is attributed due to 

shortening of filaments. Astigmatism is the reason for the splitting of filaments.  

 In spite of voluminous literature available on the generation and 

application of SCE in water, a more detailed scrutiny in this exciting field of 

research led us to investigate in more detail the following aspects of SCE in 

water: a) The interesting role of cavitation induced bubbles (CIB) in SCE b) 

The role of input Polarization on the SCE c) The role of minimum wavelength 

(λmin) and intensity clamping on SCE d) Effect of temperature on SCE 

 To understand the evolution of CIB, self emission from the wake of fs 

pulses/filaments propagating in water was captured. The studies on SCE from 

water were performed under three different focusing geometries such as 
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f/6,f/7.5 and f/10. Higher intensity and brighter SCE in the f/6 geometry 

compared to that of f/7.5 and f /10geometry clearly reveals the presence of 

interesting dynamics inside the medium. λmin for f/6 geometry was always blue 

shifted compared to other geometries and the separation of blue shift between 

the focusing geometries increased with increasing input powers .This behaviour 

is predominant with the onset of cavitation bubble. These  micron-sized CIB 

along the propagation direction acts like tiny spherical lenses for filament 

propagation and refocus the diverging laser energy and the trailing edge of the 

pulse along the propagation axis overcoming diffraction. This leads to 

increasing deposition of laser energy during the propagation of fs pulses and the 

enhanced SCE in the wake of fs pulses. The reduction in SCE intensity is 

observed at lower inputs, in agreement with the earlier results. However, with 

increasing input powers the difference in SCE from LP and CP pulses is 

observed to be negligible due to the increased presence of the CIB along the 

propagation direction. Under f /6 focusing geometry, the minλ decreased in two 

rates of absorbed power, while for f/7.5 and f /10 focusing geometries, the 

transition occurred in three different power regimes. The variation of minλ

 observed in water was small compared to that observed in air, because air 

molecules can be completely ionized without being opaque. It is observed that 

the SCE is enhanced when the temperature is decreased. This enhancement is 

interpreted by the change in temperature dependent refractive index and the 

corresponding change in the critical power (Pcr) required for the SCE. 

 The third-order optical nonlinearity in DNA doped Rh6G-PVA films 

was characterized by Z-scan measurements using ~2 picosecond (ps) pulses at a 

wavelength of 800 nm. The films demonstrated negative nonlinear refractive 

index (n2) with magnitudes of (0.065-2.89)×10-14 cm2/W for varying 
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concentrations of DNA. The addition of DNA enhanced the NLO properties of 

thin films. Open aperture data demonstrated strong two-photon absorption with 

a nonlinear absorption coefficient of ~1.6 cm/GW for films doped with 2 wt % 

of DNA. These data suggest that DNA is a promising material for applications 

such as optical switching. We conclude that PVA is a good matrix for 

fluorescent dyes to be incorporated into the double helix of DNA molecule 

enabling them to be suitable for practical applications in optical devices. 

8.2 Future Perspectives 

 There is tremendous scope for the present work, both in theoretical and 

experimental aspects. In the present thesis, we addressed filamentation in air 

and water under tight focusing geometry from the experimental point of view. 

Attempts can be done to model the experimental results; even though modelling 

of these experimental results are pretty difficult due to the presence of 

complicated nonlinear optical processes occurring in this phenomenon. 

 In this work, the filament intensity inside a single filament is estimated 

from the self-emission. However, the same method may not be extended to 

estimate the filament intensity in the presence of multiple filaments, as the 

effects like break up and fusion of the propagating filaments indicate varying 

intensity along the direction of propagation. One can attempt to address the 

challenging scenario of filament intensity measurements in the presence of 

multiple filaments. 

  We presented our results on the effect of temperature on SCE from 

water. This part of the work can be elaborated to find out the efficiency of SCE 

with the variation of temperature. One can also study the variation of refractive 

index of water with the change in temperature. 
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 Nonlinear optical characterization of the DNA doped Rh6G-PVA matrix 

is an area which can be extended to evaluate the nonlinearities at different 

wavelengths in the visible/near-IR spectral regions. Attempts can be made to 

find out the ultrafast response of this material using ps/fs pump probe 

spectroscopy.  
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