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ABSTRACT

Femtosecond laser filamentation in gaseous media is a new source of broadband, ul-

trashort radiation that has the potential for application to many fields of research. In

this dissertation filamentation is studied with a view to understanding the underlying

physics governing the formation and propagation dynamics of filamentation, as well

as to developing a method for vibrational spectroscopy based on the filament-induced

impulsive vibrational excitation of molecules in the filamentation region.

In pursuit of a better understanding of the underlying physical processes driving

filamentation, the development of a new method for characterizing high intensity

ultrashort laser pulses is presented, wherein two laser beams generate a transient

grating in a noble gas, causing the pulse undergoing filamentation to diffract from

the grating. Measuring the spectrum as a function of time delay between the filament

and probe beams generates a spectrogram that can be inverted to recover the spectral

and temporal phase and amplitude of the filamentary pulse. This technique enables

measurement of the filamentary pulse in its native environment, offering a window

into the pulse dynamics as a function of propagation distance.

The intrinsic pulse shortening observed during filamentation leads to the impul-

sive excitation of molecular vibrations, which can be used to understand the dynam-

ics of filamentation as well. Combined measurements of the longitudinally-resolved

filament Raman spectrum, power spectrum, and fluorescence intensity confirm the
iii



propagation dynamics inferred from pulse measurements and show that filamenta-

tion provides a viable route to impulsive vibrational spectroscopy at remote distances

from the laser source. The technique is applied to thermometry in air and in flames,

and an analytical expression is derived to describe the short-time dynamics of the

rovibrational wave-packet dispersion experienced by diatomic molecules in the wave

of the filament. It is found that no energy is initially partitioned into the distribution

of rovibrational states during the filamentation process. Filament-assisted impulsive

stimulated Raman spectroscopy of more complex systems is also performed, showing

that filament-assisted vibrational measurements can be used as an analytical tool for

gas phase measurements and has potential for use as a method for standoff detection.

Finally, a study of the nonlinear optical mechanisms driving the filamentation

process is conducted using spectrally-resolved pump-probe measurements of the tran-

sient birefringence of air. Comparison to two proposed theories shows that a newly

described effect, ionization grating-induced birefringence, is largely responsible for

saturation and sign inversion of the birefringence at 400 nm and 800 nm, while the

magnitude of contributions described by a competing theory that relies on negative

terms in the power series expansion of the bound electron response remain undeter-

mined.

iv



ACKNOWLEDGEMENTS

First and foremost I would like to offer my deepest gratitude to my advisor, Dr.

Robert Levis, for his guidance, support, and mentorship over the course of my studies.

His passion and dedication not only to our research, but to the principles of scientific

inquiry have challenged and inspired me continually. I am also indebted to him for

the freedom he has allowed me in pursing my research interests and for his constant

availability for discourse on all topics.

I would like to thank Dr. Eric Borguet and Dr. Frank Spano for our many

discussions, both scientific and general, and for their continual positive support.

Many times their words inspired me to persist in working toward the completion of

my doctoral research. My gratitude also goes to Dr. Thomas Weinacht for being a

member of my dissertation committee.

I would like to acknowledge the members of the Levis group, particularly Drs.

Dmitri Romanov, Mateusz Plewicki, Ryan Compton, and Ms. Erin McCole, for

many hours of discussion about science, research, and life in general.

Completion of my dissertation would not have been possible without the ceaseless

support of my wife, Chelsea, my parents, and all of my family. Their love has led

me to where I am today and I am grateful for their support.

v



To Chelsea, my wife,
whom I love with all of my heart.

vi



TABLE OF CONTENTS

Page

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

ACKNOWLEDGEMENTS . . . . . . . . . . . . . . . . . . . . . . . . . v

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii

CHAPTER

1 NONLINEAR PROPAGATION DYNAMICS OF FEMTOSEC-
OND LASER FILAMENTS AND COHERENT RAMAN
SCATTERING . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Pulse Propagation and Nonlinear Optical Responses . . . . . . . . . . 3

1.2.1 Derivation of the Reduced Propagation Equation . . . . . . . 3

1.2.2 The Optical Kerr Effect . . . . . . . . . . . . . . . . . . . . . 8

1.2.3 Photo-Ionization . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.3 Dynamic Spatial Replenishment and the Plasma-Induced Pulse
Breaking Model of Filamentation . . . . . . . . . . . . . . . . . . . . 19

1.4 Coherent Raman Scattering . . . . . . . . . . . . . . . . . . . . . . . 21

1.5 Purpose of the Present Work . . . . . . . . . . . . . . . . . . . . . . . 24

2 CHARACTERIZATION OF FILAMENTARY PULSES
BY TRANSIENT-GRATING CROSS-CORRELATION
FREQUENCY-RESOLVED OPTICAL GATING . . . . . . . . . 33

vii



2.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.2 Pulse Measurement in Femtosecond Laser Filaments . . . . . . . . . . 34

2.3 Frequency-resolved Optical Gating . . . . . . . . . . . . . . . . . . . 37

2.3.1 Measurement and Interpretation of FROG and XFROG Spec-
trograms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.3.2 Phase Retrieval From FROG Traces . . . . . . . . . . . . . . . 43

2.4 Experimental Arrangement for Transient-Grating Cross-Correlation
Frequency Resolved Optical Gating . . . . . . . . . . . . . . . . . . . 45

2.5 Dependence of Pulse Shape on the Input Power During Filamentation
in Air . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.6 Filament Propagation Dynamics Measured Using TG-XFROG . . . . 53

2.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3 EVOLUTION OF THE PULSE SPECTRUM, FLUORES-
CENCE PROFILE, AND VIBRATIONAL RAMAN RE-
SPONSE DURING FILAMENTARY PROPAGATION . . . . . 65

3.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.2 Motivation for Spectroscopic Investigation of Filamentation Dynamics 66

3.3 Theory of Pulse Measurement using Impulsive Raman Scattering in
a Femtosecond Filament . . . . . . . . . . . . . . . . . . . . . . . . . 68

3.4 Experimental Arrangement for Spectroscopy in a Filament . . . . . . 74

3.5 The Raman Spectrum, Power Spectrum, and Fluorescence Profile of
a Laser Filament . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.6 Interpretation of Results and Comparison to TG-XFROG . . . . . . . 88

3.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

4 MEASUREMENT OF ROVIBRATIONAL WAVE-PACKET
DISPERSION DURING FILAMENTATION AND APPLICA-
TION TO FLAME THERMOMETRY . . . . . . . . . . . . . . . 104

viii



4.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

4.2 Time-Resolved Spectroscopy Using Filaments . . . . . . . . . . . . . 105

4.3 Arrangement for Measuring the Rovibrational Dispersion of Air . . . 106

4.4 Observation of Rovibrational Wave-Packet Dispersion of Air . . . . . 109

4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

5 APPLICATIONS OF FILAMENT-ASSISTED IMPULSIVE
STIMULATED RAMAN SPECTROSCOPY . . . . . . . . . . . . 130

5.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

5.2 Coherent Vibrational Spectroscopy for Standoff Detection . . . . . . . 131

5.3 Arrangement for Filament-Assisted Spectroscopy of Gas Phase Samples 134

5.4 Characterization and Evaluation of Filament-Assisted Raman Spec-
troscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

6 IONIZATION GRATING-INDUCED BIREFRINGENCE
MEASURED USING SPECTRALLY-RESOLVED PUMP-
PROBE SPECTROSCOPY . . . . . . . . . . . . . . . . . . . . . . 154

6.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

6.2 The Higher-Order Kerr Effect and Filamentation . . . . . . . . . . . 155

6.3 Experimental Arrangement for Spectrally- and Temporally-Resolved
Transient Birefringence Measurements . . . . . . . . . . . . . . . . . 160

6.4 Transient Birefringence of Air in the Ultraviolet . . . . . . . . . . . . 164

6.5 Theory of Spectrally-Resolved Transient Birefringence . . . . . . . . . 170

6.6 Transient Birefringence of Air in the Near-Infrared . . . . . . . . . . . 182

6.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

7 SUMMARY AND OUTLOOK . . . . . . . . . . . . . . . . . . . . 195

ix



LIST OF PUBLICATIONS . . . . . . . . . . . . . . . . . . . . . . . . 200

REFERENCES CITED . . . . . . . . . . . . . . . . . . . . . . . . . . 201

x



LIST OF FIGURES

Page

1.1 Illustration of the lensing caused by the optical Kerr effect . . . . . . 10

1.2 Artistic rendition of on-axis pulse shortening due to the spatial self-
focusing of a Gaussian beam . . . . . . . . . . . . . . . . . . . . . . . 11

1.3 Representative self-steepening profiles . . . . . . . . . . . . . . . . . . 12

1.4 Illustration of ionization mechanisms . . . . . . . . . . . . . . . . . . 15

1.5 Calculated ionization rates of nitrogen and oxygen . . . . . . . . . . . 18

1.6 Wave-mixing energy level diagrams for coherent Raman scattering . . 23

2.1 Polarization-gate beam geometry for measuring a PG-FROG spectro-
gram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.2 Polarization-gate FROG traces for different spectral phases and their
corresponding pulse temporal amplitudes and phases . . . . . . . . . 41

2.3 PG-XFROG spectrograms showing the effect of the reference pulse
duration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.4 Experimental arrangement for TG-XFROG pulse measurement . . . . 47

2.5 Measured and retrieved spectrograms obtained in the filament at dif-
ferent input powers . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.6 Temporal and spectral phase and amplitude of a pulse measured in
the filament using TG-XFROG with an input energy of 1.5 mJ . . . . 50

2.7 Temporal intensity profiles of a laser pulse undergoing filamentation
in air as a function of distance . . . . . . . . . . . . . . . . . . . . . . 54

xi



2.8 Comparison of the filament spectrum retrieved using TG-XFROG and
an experimentally measured filament spectrum . . . . . . . . . . . . . 55

3.1 Representative wave-mixing energy level diagrams showing intra-pulse
ISRS and pump-probe ISRS. . . . . . . . . . . . . . . . . . . . . . . . 69

3.2 Schematic of experimental setup for vibrational Raman spectroscopy
in a filament . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

3.3 The Raman spectrum of air detected in the wake of the filament . . . 79

3.4 Measured Raman line intensities of oxygen, nitrogen, and water in the
filament . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

3.5 The measured fluorescence profile of the filament . . . . . . . . . . . 82

3.6 Plot of the filament spectrum as a function of distance from the
filament-generating lens . . . . . . . . . . . . . . . . . . . . . . . . . 85

3.7 The on-axis laser spectrum measured during filamentation in air . . . 86

3.8 Plot of the intensity- and concentation-corrected Raman spectra vs.
distance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

3.9 Comparison of the experimentally measured Raman amplitude of oxy-
gen with the calculated Raman amplitude . . . . . . . . . . . . . . . 93

3.10 The Raman spectrum of molecular hydrogen . . . . . . . . . . . . . . 95

4.1 Experimental setup used to measure the rovibrational wave-packet
dispersion of air . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

4.2 The vibrational Raman spectrum of oxygen and nitrogen in air . . . . 110

4.3 Rovibrational wave-packets of nitrogen, oxygen, and water measured
as a function of pump-probe time delay . . . . . . . . . . . . . . . . . 112

4.4 Rovibrational wave-packet dispersion of nitrogen in a near-collinear
geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

4.5 Illustration of the energy levels of nitrogen showing the effect of an-
harmonicity on the vibrational level spacing . . . . . . . . . . . . . . 117

4.6 The time-dependence of the normalized rovibrational wave-packets of
nitrogen and oxygen . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

xii



4.7 Time-dependence of the nitrogen Raman line measured in a methane-
oxygen-air flame . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

5.1 The Raman spectra of air and hydrogen measured using filament-
assisted Raman spectroscopy . . . . . . . . . . . . . . . . . . . . . . . 137

5.2 Calculated time-dependent nitogen/oxygen ratio for T = 300 K . . . 139

5.3 Raman spectra of organic solvents measured in a filament . . . . . . . 141

5.4 Comparison of the rotational state populations of hydrogen with ex-
perimentally measured rotational spectrum . . . . . . . . . . . . . . . 144

5.5 Raman spectra of nitrogen-containing compounds, ethanol, and gaso-
line measured in a filament . . . . . . . . . . . . . . . . . . . . . . . . 146

5.6 Raman spectra of gasoline measured at long distance from the laser
in a filament . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

6.1 Experimental arrangement for time-resolved transient birefringence
measurements at 400 nm . . . . . . . . . . . . . . . . . . . . . . . . . 161

6.2 Experimental arrangement for time-resolved transient birefringence
measurements at 800 nm . . . . . . . . . . . . . . . . . . . . . . . . . 162

6.3 Spectrally-resolved transient birefringence of air at 400 nm as a func-
tion of pump intensity intensity . . . . . . . . . . . . . . . . . . . . . 165

6.4 Center wavelength line-out of transient birefringence at 400 nm . . . 166

6.5 The intensity dependence of the integrated transient birefringence sig-
nal at 400 nm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

6.6 Comparison of experimental and calculated spectrally-resolved bire-
fringence of air at high intensity . . . . . . . . . . . . . . . . . . . . . 181

6.7 Transient birefringence of air at 800 nm as a function of pump intensity183

6.8 The intensity dependence of the integrated transient birefringence sig-
nal at 800 nm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

6.9 Spectrally- and temporally-resolved transient birefringence of air mea-
sured at ∼75 TW/cm−2 using a supercontinuum probe. . . . . . . . . 186

xiii



CHAPTER 1

NONLINEAR PROPAGATION DYNAMICS OF FEMTOSECOND
LASER FILAMENTS AND COHERENT RAMAN SCATTERING

1.1 Overview

The spectral and temporal changes induced on an intense laser pulse by propaga-

tion through atomic and molecular media have been the subject of extensive study

since the advent of the laser. The discovery of white-light continuum generation

using intense lasers[1] has led to the development of methods for generating spec-

trally broad, coherent sources through nonlinear pulse propagation, which in turn

has led to a renaissance in laser technology and spectroscopy, from production of

stable sources from the ultraviolet to the mid-infrared through optical parametric

amplification[2–7] to time-resolved spectroscopy on the picosecond (ps), femtosec-

ond (fs), and attosecond (as) time scales[8–13]. Some examples of methods used

to produce broad continua are spectral broadening in microstructured and photonic

crystal fibers[14–18], white-light generation in solids, liquids, and gases in the tight

focusing limit[19–21], and filamentation in gases (cf. Bergé et al.[22]) in the loose

focusing limit. Femtosecond laser filamentation in gaseous media provides a partic-

ularly spectacular example of the transformation of a laser pulse from a moderately
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short (∼50-100 fs) laser pulse whose spectrum spans a few terahertz (THz) to a

pulse whose duration is on the order of a single cycle of the optical field[23–25] and

whose spectrum spans over one thousand THz[26–29]. Filamentation is generally

characterized by beam propagation at a constant average diameter after focusing

(or self-focusing), typically on the order of 100 µm, over a length scale of up to

several times the Rayleigh length of the initial beam expected from linear optics[30–

32]. The phenomena that facilitate the propagation regimes leading to these striking

transformations are numerous[22, 33] and disentangling the individual contribution

of any one nonlinear process is a challenge that still occupies researchers today,

many years after these phenomena were first observed. A complete understanding of

the nonlinear propagation of laser pulses requires two components: first, theoretical

models are needed that accurately describe the nonlinear light-matter interaction,

and second, experimental techniques capable of investigating the dynamic spatial,

spectral, and temporal pulse properties during nonlinear pulse propagation must be

implemented. Depending on the propagation medium and the input pulse charac-

teristics, such as the initial pulse duration, pulse energy, and pulse spatial profile,

the nonlinear interaction between light and matter is dominated by different physical

mechanisms that dictate the approximations used for theoretical investigations[34].

Similarly, the physical conditions of the light-matter interaction largely define the

experimental techniques that can be used to investigate a particular system.

This thesis is concerned primarily with the re-shaping of the temporal pulse struc-

ture caused by filamentary propagation in air and its impact on the vibrational modes
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of molecules present in the propagation medium. Vibrational excitation of molecules

in the propagation channel offers a potentially powerful method for remote Raman

scattering spectroscopy because of the extended propagation distances associated

with filamentation. Knowledge of the degree of vibrational excitation induced in

the medium by a pulse undergoing filamentation is essential for developing filament-

assisted Raman scattering spectroscopy, and the vibrational dynamics in the wake

of the filament are studied in depth here.

In this chapter we review the theoretical and experimental advances made toward

understanding the filamentation process prior to this work and also briefly outline

the process of coherent Raman scattering by a short laser pulse and the conventions

used to describe the wave-mixing process. Lastly, we introduce the motivation for

the investigations described in the following chapters.

1.2 Pulse Propagation and Nonlinear Optical Responses

1.2.1 Derivation of the Reduced Propagation Equation

In this section we undertake the derivation of a simplification of the nonlinear

Schrödinger equation (NLSE) that adequately describes ultrashort pulse propaga-

tion as outlined by Boyd[35] in order to understand the origins of the linear and

nonlinear effects contributing to the filamentation process. We consider a laser beam

with pulse envelope Ẽ(z, t) and central frequency ω0 taking the form:

Ẽ(z, t) = Ã(z, t)ei(k0z−ω0t) + c.c., (1.1)
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where k0 = n(ωlin)ω0/c is the wavevector of the pulse, c is the speed of light in a

vacuum, and the tilde denotes a rapidly varying quantity. We begin with the wave

equation:

∇2Ẽ(z, t)− 1
c2
∂2D̃(z, t)
∂t2

= 0, (1.2)

where D̃(z, t) is the total displacement field that contains both linear and nonlinear

contributions. The electric and displacement fields can be represented in terms of

the Fourier transforms:

Ẽ(z, t) = 1
2π

∫ ∞
−∞

E(z, ω)eiωtdω, (1.3)

D̃(z, t) = 1
2π

∫ ∞
−∞

D(z, ω)eiωtdω, (1.4)

with the Fourier amplitudes, E(z, ω) and D(z, ω), related through:

D(z, ω) = ε(ω)E(z, ω), (1.5)

where ε(ω) is the dielectric constant that describes both linear and nonlinear con-

tributions to the material response. Substitution of (1.4) and (1.5) into the wave

equation leads to the frequency-domain expression:

∇2
⊥E(z, ω) + ∂2E(z, ω)

∂z2 + ε(ω)ω
2

c2 E(z, ω) = 0, (1.6)
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where we have split the spatial propagation of E(z, ω) into the forward and transverse

parts. Rewriting this result in terms of the frequency-domain amplitude function,

whose Fourier transform is given by:

A(z, ω′) =
∫ ∞
−∞

Ã(z, t)eiω′tdt, (1.7)

which can be approximated using the relation:

E(z, ω) ' A(z, ω − ω0)eik0z, (1.8)

reflecting the slowly-varying nature of Ã(z, t), gives the result:

∇2
⊥A+ 2ik0

∂A

∂z
+ (k2 − k2

0)A = 0, (1.9)

where we have invoked the slowly-varying envelope approximation (SVEA) and

k(ω) =
√
ε(ω)ω/c. (1.10)

For a pulse approaching the single-cycle limit the SVEA breaks down and a more

appropriate approximation, the slowly-evolving wave equation (SEWA), must be

invoked[36]. However, for illustrative purposes the present discussion is restricted to

the SVEA. To good approximation k ' k0, justifying the substitution 2k0(k − k0)

for k2 − k2
0 in (1.9). Recasting the wave equation in the frequency domain allows us

5



to treat k as a truncated power series expansion around the central frequency of the

pulse:

k = k0 + ∆kNL + k1(ω − ω0) + 1
2k2(ω − ω0)2. (1.11)

In (1.11), the nonlinear contribution to the material response has been included as

∆kNL and the expansion terms k1 and k2 are given by:

k1 =
(
dk

dω

)
ω=ω0

= 1
c

[
nlin(ω) + ω

dnlin(ω)
dω

]
ω=ω0

≡ 1
vg(ω0) (1.12)

and

k2 =
(
d2k

dω2

)
ω−ω0

= d

dω

[
1

vg(ω)

]
ω−ω0

=
(
− 1
v2
g

dvg
dω

)
ω−ω0

. (1.13)

These terms are related to the group-velocity, vg(ω), and the group-velocity disper-

sion, respectively. Inserting (1.11) into (1.9) and transforming the result into the time

domain with respect to the frequency (expanded about the central pulse frequency,

ω − ω0) the wave equation becomes:

− i

2k0
∇2
⊥Ã+ ∂Ã

∂z
+ k1

∂Ã

∂t
+ 1

2ik2
∂2Ã

∂t2
− i∆kNLÃ = 0. (1.14)

6



By introducing the retarded time, τ , using the substitutions:

τ = t− z

vg
= t− k1z, Ãs(z, τ) = Ã(z, t), (1.15)

the wave equation can be expressed:

− i

2k0
∇2
⊥Ã+ ∂Ãs

∂z
+ 1

2ik2
∂2Ãs
∂τ 2 − i∆kNLÃs = 0. (1.16)

The nonlinear contribution contains the intensity-dependent contributions to the

material response, which for the sake of the present discussion in the context of the

reduced propagation equations includes the optical Kerr response (n2) and, through

the free-electron density (ρ), photo-ionization. Substituting for these quantities in

equation (1.16) and re-arranging we obtain:

∂Ã

∂z
=
[
i

2k0
∇2
⊥ −

ik2

2
∂2

∂τ 2 + ik0n2c

2π |Ã|2 − ik0ρ

2n2
0ρc

]
Ã, (1.17)

where ρc is the critical plasma density. Equation (1.17) describes the propagation

of an ultrashort pulse through a dispersive nonlinear medium where ionization can

occur[37]. The respective terms on the right-hand side of the equation represent

the influence of transverse diffraction, second-order dispersion (the group-velocity

dispersion), the (instantaneous) optical Kerr effect, and the plasma density on a

pulse. Equation (1.17) contains all the basic elements that are necessary to describe

the filamentation process. We will now consider the effects of the primary nonlinear

7



contributions, namely the optical Kerr effect and ionization, on pulse propagation in

more detail, and then look at how the interplay of these effects gives rise to extended

propagation structures such as laser filaments.

1.2.2 The Optical Kerr Effect

The action of the optical Kerr effect (OKE) on the spatial (transverse), temporal,

and spectral properties of a pulse can be understood qualitatively by considering

the interplay of the intensity envelope with the OKE-induced refractive index. The

polarization response of a medium in the presence of an optical field can be written

as a power expansion of the electronic susceptibility:

P̃ (t) = χ(1)Ẽ(t) + χ(2)Ẽ(t) · Ẽ(t) + χ(3)Ẽ2(t) · Ẽ(t) + · · · (1.18)

where χ(n) is the n-th order electronic susceptibility[35]. The first- and second-order

susceptibilities give rise to the linear refractive index and second-order nonlinear ef-

fects such as sum frequency generation, respectively. The second-order susceptibility

does not enter into the filamentation process because it is zero for media with inver-

sion symmetry, such as a gas. This is also the case for other even-order terms in the

expansion. The third-order susceptibility depends on the intensity of the incident

electric field and thus is responsible for the intensity-dependent refractive index[35],

which is the term of interest for self-action effects relating to filamentation. Higher-

order terms in the expansion of the polarization (χ(5), χ(7), etc.) are ignored because
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they are expected to be small compared to the lower-order responses. In this case

the refractive index takes the form:

nTOT = n0 + n2I(x, y, z, t), (1.19)

where n0 is the linear index of refraction, n2 is the nonlinear (intensity-dependent)

refractive index, and I(x, y, z, t) is the spatial-temporal intensity profile of the laser

pulse.

It is immediately apparent from (1.19) that higher-intensity components of the

pulse will experience a larger phase accumulation than will lower-intensity compo-

nents due to their increased interaction with the medium through the intensity-

dependent index of refraction. In the transverse plane of the pulse this intensity-

dependent phase accumulation leads to curvature of the wave-front, which induces

self-focusing of the beam profile similar to the action of a lens in geometric optics, as

shown qualitatively in Figure 1.1[38, 39]. Self-focusing competes with diffraction[40,

41], leading to wave collapse only when the power in the beam is sufficient for

self-focusing to overcome diffraction. This power, called the critical power for self-

focusing, or simply the critical power, is given for a Gaussian pulse profile by[38]:

Pcr = 3.77λ2
0

8πn0n2
, (1.20)

where λ0 is the center wavelength of the laser pulse. This quantity is useful in

determining the position of the nonlinear focus for a given input power, Pin. The
9



r

n2>0

z

Figure 1.1: Illustration of the lensing caused by the optical Kerr effect. The
initial pulse (left) experiences a curvature in the wavefront as a result of a positive
intensity-dependent index of refraction (center), causing it to be spatially focused
(right). Figure after [22].

semi-empirical Marburger formula gives the position of the nonlinear focus as[42, 38]:

zc = 0.367z0√(√
Pin
Pcr
− 0.852

)2
− 0.0219 + z0

f

, (1.21)

where z0 is the initial beam waist. If self-focusing is assisted by external focus-

ing, f denotes the focal length of the lens. Otherwise, f = ∞ and the last term

in the denominator goes to zero for self-focusing of a collimated Gaussian beam.

Self-focusing leads to a catastrophic beam collapse[43] in the absence of a strong

defocusing response, such as plasma generation. Radial self-focusing also modifies

the on-axis pulse temporal profile through the selective focusing of higher intensity

pulse components, as illustrated in Figure 1.2.

The OKE transforms the pulse temporal and spectral profiles through the tem-

poral domain as well as in the diffraction plane. Self-steepening occurs because the
10
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Figure 1.2: Artistic rendition of on-axis pulse shortening due to the spatial self-
focusing of a Gaussian beam. The initial pulse (left) is Gaussian in both the trans-
verse coordinate and the temporal coordinate. Self-focusing causes preferential radial
contraction of the high-intensity part of the pulse (right, strength denoted by arrow
length), causing effective shortening of the pulse temporal profile on-axis. The graph
above shows the on-axis temporal profile before (dashed) and after (solid) the radial
“pinch.”
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Figure 1.3: Representative self-steepening profiles at increasing propagation dis-
tances, showing increased steepening at the back of the pulse. The arrow shows the
movement of the peak intensity relative to the local time of the pulse.

nonlinear phase accumulation experienced by the peak of the temporal intensity pro-

file leads to a retardation of the intensity maximum with respect to the local time

of the original pulse, while the low-intensity wings accumulate phase linearly and do

not move in the local time-frame of the pulse. This leads to asymmetry in the pulse

temporal profile and can result in the formation of optical shocks, where the slope of

the temporal intensity on the trailing edge of the pulse approaches an infinitely steep

field cut-off (shown schematically in Figure 1.3). While this effect is small compared

to other optical Kerr-induced effects it becomes important for extended propagation

distances. The nonlinear phase accumulated through the OKE is manifested also in

the spectral domain, as can be seen by considering the third term on the right-hand

side of Equation (1.17). Re-writing the contribution of the Kerr effect in terms of the

intensity, I = n0c/2π|Ã|2, we can see that the nonlinear contribution to the phase

12



over a propagation length, L is[35]:

φNL(t) = −n2I(t)ω0L

c
. (1.22)

Adding a time-dependent contribution to the temporal phase of the pulse implies that

the pulse is no longer Fourier-transform limited (which is the shortest pulse possible

for a given spectral distribution, implying a flat spectral, thus temporal, phase).

Since the temporal envelope has not changed, new frequency components must have

been generated in order for a time-dependent phase to have been generated. The

spectral content of a pulse having undergone self-phase modulation (SPM) can be

calculated through the Fourier transform[35]:

S(ω) =
∣∣∣∣∫ ∞
−∞

Ã(t)eiω0t−iφNL(t)eiωtdt

∣∣∣∣2 . (1.23)

Since the shape of the pulse enters into the calculation of the nonlinear phase,

intensity-dependent spatial and temporal effects such as self-focusing and self-steepening

lead to spectral variations across the transverse pulse profile and asymmetric spec-

tral broadening toward the blue side of the spectrum, respectively. Thus, the optical

Kerr effect can lead to significant re-shaping of the spatial, temporal, and spectral

properties of the pulse.
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1.2.3 Photo-Ionization

Self-focusing of femtosecond pulses can lead easily to electric-field intensities that are

sufficient to ionize the constituents of the propagation medium. In an intense laser

beam, the alternating electric field of the laser will modify the Coulomb potential

experienced by a bound electron, leading to a time-dependent change in the potential

experienced by the electron. For field intensities that are insufficient to modify the

Coulombic potential significantly, an electron may be ejected only by simultaneous

absorption of m photons, which characterizes the multi-photon ionization limit and

leads to an ionization scaling proportional to them-th power of the laser intensity[22].

When the field intensity is large enough to modify the coulombic potential strongly,

quantum tunneling of the electron through the finite coulomb barrier can take place,

leading to tunnel ionization. At even higher intensities the coulombic barrier can be

sufficiently suppressed to allow the electron to escape over the barrier. These limits

are depicted in Figure 1.4. The evolution of the electron density, ρ, is described by

the equation[22]:

∂ρ

∂t
= W (I)(ρ0 − ρ) + σ

Ui
ρI − αρ2, (1.24)

where W (I) is the photo-ionization rate, ρ0 is the initial density of neutral species,

σ is the inverse Bremsstralung cross-section, Ui is the ionization potential of the

species being ionized, and α is the electron-ion recombination rate. The expression

for the photo-ionization rate, W (I), in the perturbative limit was first developed by
14



i. ii. iii.

Figure 1.4: Pictorial representations corresponding to different ionization mech-
anisms at increasing (left to right) field strengths. The solid lines represent the
Coulomb potential of an atom, which is modified in (ii) and (iii) by an intense elec-
tric field. (i) corresponds to multi-photon ionization, (ii) shows the tunneling of the
electron through the modified Coulomb potential barrier, and (iii) depicts over-the-
barrier ionization where the Coulomb barrier has been strongly suppressed.

Keldysh[44], and by Perelomov et al.[45, 46] (PPT theory). Here the modified PPT

ionization rate is given by[22]:

W = 4
√

2
π
|Cn+,l+|2

(
2E0

Ep
√

1 + γ2

)2n+− 3
2−|m|

f(l,m)
|m|! e

2ν
[
sinh−1(γ)− γ

√
1+γ2

1+2γ2

]

× Ui
γ2

1 + γ2

+∞∑
κ≥ν0

e−(κ−ν)α(γ)Φm(
√

(κ− ν)β(γ)), (1.25)

where Ui is the ionization potential, E0 = (2Ui)3/2, ν = Ũi/[~ω]a.u., ν0 = 〈ν + 1〉,

β = 2γ/
√

1 + γ2, α = 2[sinh−1(γ)− γ/
√

1 + γ2], Φm(x) = e−x
2 ∫ x

0 (x2 − y2)|m|ey2
dy,

n∗ = Z/
√

2Ui is the effective quantum number, Z is the residual ion charge, l∗ =

n∗ − 1, and n, l, and m are the principle quantum number, the orbital momentum,

and the magnetic quantum number, respectively. The quantities |Cn+,l+ | and f(l,m)
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originate from the tunneling theory derived by Ammosov et al.[47] and are given by:

|Cn+,l+|2 = 22n+

n+Γ(n∗ + l∗ + 1)Γ(n∗ − l∗) (1.26)

f(l,m) = (2l + 1)(l + |m|)!
2|m||m|!(l − |m|)! . (1.27)

From these expressions two main ionization regimes emerge that are characterized

in terms of the adiabaticity, or Keldysh parameter, which is given by:

γ = ω0

√
2meUi

|qe|Ep
, (1.28)

where ω0 is the laser frequency, qe and me are the electron charge and mass, respec-

tively, and Ep is the peak amplitude of the electric field. At low intensities, γ � 1

and multi-photon ionization dominates, while at high intensities, γ � 1 and tunnel

ionization dominates. The relevant intensities for filamentation of femtosecond near-

infrared and visible pulses in the gas phase span the range of a few TWcm−2, where

multi-photon ionization is considered adequate to describe the photo-ionization rate

for a number of atoms and molecules of interest (notably oxygen, nitrogen, and

argon)[22]. The photo-ionization rate for multi-photon ionization taken in the limit:

γ →∞ can be written:

W (I) = σKI
K , (1.29)
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where the number of photons, K, required to ionize is given by K = 〈 Ui~ω0
+ 1〉 and:

σK = 4
√

2ω
(

Ui
[~ω]a.u.

)2K+3/2
e2K−Ui/[~ω]a.u.

E2
0K

Φ0

(√
2K − 2Ui

[~ω]a.u.

)
(1.30)

is the multi-photon ionization cross-section[44]. The ionization rates calculated for

nitrogen (IP = 15.576 eV, Z = 0.9) and oxygen (IP = 12.07 eV, Z = 0.53)[48] using

(1.25) and (1.30) are plotted in Figure 1.5.

The creation of an underdense plasma through ionization leads to defocusing of

the laser pulse as a result of the lower refractive index of the plasma compared to

the neutral medium. Inspection of Equation (1.29) shows that this effect will be

strongest on the propagation axis, where the intensity of the laser pulse is highest,

and will drop off steeply with increasing radial distance from the center. Thus, the

outer parts of the beam will experience greater phase accumulation than the central

portion of the beam, and the resulting effect is similar to the action of a defocusing

(concave) lens on the laser pulse. In addition to re-shaping of the spatial (transverse)

pulse profile, photo-ionization can reshape the pulse temporal profile and spectrum

as well. For multi-photon ionization in atoms and diatomic molecules (e.g. oxygen,

nitrogen, and argon) with Gaussian near-infrared pulses, the number of photons

required to ionize is large (≥8), and the appearance of a significant electron density

occurs suddenly near the peak intensity of the pulse. This causes the back part of

the pulse to experience defocusing, while the leading edge of the pulse is relatively

unaffected. This leads to asymmetry in the pulse temporal intensity profile and
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Figure 1.5: Ionization rates calculated from Equations (1.25) and (1.30). The solid
(oxygen) and dashed (nitrogen) lines show the PPT rates and the dotted-dashed
(oxygen) and dotted (nitrogen) lines show the MPI rates, respectively.
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shifting toward earlier times relative to the local time of the pulse. The depletion

of the back part of the pulse, which can lead to the formation of optical shocks on

the trailing edge, also effectively shortens the pulse profile on the propagation axis.

As with the optical Kerr effect, these changes in the pulse shape must be reflected

in the frequency content of the pulse as well, and a plasma-enhanced spectral blue

shift develops as a result of the spatial-temporal dynamics.

1.3 Dynamic Spatial Replenishment and the Plasma-Induced Pulse

Breaking Model of Filamentation

Early models of filamentation attempted to describe the process as a static rather

than a dynamic process. The self-channeling model[30, 31] described filamentation

as a balance of self-focusing and ionization-induced defocusing that allowed the pulse

to propagate over extended distances without diffracting, as in a wave-guide. The

moving-focus model[38, 39, 49] describes the extended structures observed during

filamentation as the result of self-focusing of successive intensity “slices” of the pulse.

However, both of these models fail in their ability to predict pulse propagation over

extended distances[50].

Numerical simulations of femtosecond laser pulse propagation using the NLSE

demonstrate that the accurate model of filamentation is the dynamic spatial replen-

ishment model[51, 52]. In the dynamic spatial replenishment model, self-focusing

leads to ionization of the medium, which acts to defocus the trailing portion of

the pulse while preserving the leading pulse edge. Subsequently, the lower intensity
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regions of the pulse at larger radii that experienced less self-focusing and the plasma-

defocused components of the pulse originating from the propagation axis that have

been shifted to larger radii, collectively called the “energy reservoir,” replenish the

on-axis energy through self-focusing at the trailing edge of the pulse after the ces-

sation of ionization by diffraction and depletion of the pulse energy. This interplay

between self-focusing and plasma defocusing is dynamic and can take place multiple

times before diffraction, dispersion, and absorption halt the process by reducing the

pulse power to below the critical threshold for self-focusing.

A deeper substantiation of the dynamic spatial replenishment model has been ac-

complished by comparing filamentation with the z-pinch of magneto-hydrodynamics

[53, 54] through calculation of a set of stationary states for the nonlinear Schrödinger

equation coupled with a non-instantaneous plasma response[55, 56]. By including

only spatial beam effects, e.g. diffraction, self-focusing, and plasma generation, the

salient features of filament propagation were reproduced, showing that filamentary

pulse shortening is primarily driven by a plasma-induced temporal pulse break-

up, followed by selective retention of on-axis pulse components containing sufficient

power for self-focusing to compete efficiently with diffraction. This model constitutes

the basis of the theoretical perspective used throughout this paper to describe fila-

mentation, and which has been verified by the experiments conducted and presented

in the course of the present work.

Recently, a new theory has been proposed to explain the extended nonlinear prop-

agation of laser pulses through filamentation wherein negative higher-order terms
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in the expansion of the nonlinear polarization (beyond those shown in Equation

(1.18)) effectively compete with the second-order refractive index at high intensity,

causing saturation and inversion of the nonlinearity[57]. As proposed, the so-called

“higher-order Kerr effect” (HOKE) theory would preclude ionization as the primary

defocusing nonlinearity, thus requiring a dramatic re-interpretation of the fundamen-

tal physics of filamentation. Ongoing investigations have until now been unable to

resolve the ambiguity in filamentation physics presented by this proposal.

1.4 Coherent Raman Scattering

Raman scattering is the inelastic scattering of photons off of molecules in a medium.

Light having frequency ωL impinging on a medium interacts with the vibrational or

rotational modes of a molecule and the light scattered in this manner is characterized

by the gain or loss of one vibrational or rotational quantum of energy, causing it to

be shifted in frequency by ±ωR, where ωR is the characteristic energy of the Raman

mode[35]. Spontaneous Raman scattering has a very low probability of occurring

(approximately 1 in 106 photons per unit volume[35]). However, the Raman scat-

tering process can be greatly enhanced through coherent excitation of the medium,

resulting in up to 105 times enhancement in the scattering efficiency[35].

Coherent Raman scattering is a four-wave mixing process in which two incident

electric fields, having frequencies ω1 and ω2 where ω1−ω2 = ±ωR with ωR being the

frequency of the Raman transition, generate a coherent oscillation of the medium at

the Raman frequency, inducing coherent emission at ωas = 2ω1−ω2 or ωs = 2ω2−ω1
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where the subscripts refer to the anti-Stokes (blue-shifted) and Stokes (red-shifted)

scattered components, given that ω1 > ω2. The scattered light is emitted in the

phase matched direction: kas(s) = 2k1(2) − k2(1), where kn is the wavevector of the

n-th interacting wave[58]. The Raman scattering interaction is conveniently depicted

using wave-mixing energy level (WMEL) diagrams[59, 60], which are equivalent to

double-sided Feynman diagrams[58, 61]. The WMEL diagrams for three common

coherent Raman geometries are shown in Figure 1.6. The diagrams in Figure 1.6a

and 1.6b refer to the processes of coherent anti-Stokes Raman scattering (CARS)

spectroscopy and coherent Stokes Raman scattering (CSRS, pronounced scissors)

spectroscopy. The third diagram (Figure 1.6c) shows the representation for Raman

scattering and impulsive stimulated Raman scattering (ISRS) spectroscopy. Impul-

sive Raman scattering is an ubiquitous process that occurs when the incident electric

field has a pulse intensity envelope shorter than the vibrational period of the Raman-

active mode under consideration[62, 63]. Under such conditions, the process shown

in Figure 1.6c occurs with the result that the pulse exits the medium red-shifted with

respect to its original frequency distribution, leaving the medium in a coherently pre-

pared vibrational state that dephases on the picosecond time-scale. A delayed probe

pulse can then undergo scattering off of the coherently prepared state to produce

sidebands at ±ωR, similar to the Raman scattering process discussed above.
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Figure 1.6: Wave-mixing energy level diagrams corresponding to off-resonant co-
herent anti-Stokes (a), Stokes (b) and impulsive (c) Raman scattering spectroscopies.
The arrows denote the electric field interactions with the system, with the solid ar-
rows representing the ket-side transitions, the dotted arrows representing the bra-side
transitions, and the double arrow represents emission of a photon. The numbers show
which field the respective arrows are associated with. The relevant states are denoted
as the ground, g, and vibrational, v, states. The dashed lines represent off-resonant,
or “virtual” electronic states.
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1.5 Purpose of the Present Work

Experimental verification of the models presented in the previous sections provides a

significant challenge mainly for two reasons. First, the high pulse intensities reached

during the filamentation process until now have prohibited direct probing of the

evolution of the pulse in the filament channel, impeding verification of predicted

pulse dynamics through actual measurements of the propagating pulse. Second,

the large number of nonlinear effects that contribute to the spatial, temporal, and

spectral properties of the filament pulse make separation of the individual nonlinear

contributions to the experimentally observed results quite difficult. Detailed indirect

measurements of filaments, such as the post-filament pulse spatial, temporal, and

spectral distribution, the fluorescence emission from the filament channel, and many

others (see [64, 65, 22] for a comprehensive review of filamentation experiments)

have been made, but verification of numerical models by measurements of the pulse

itself in the filament channel have not been made. This has a direct impact on the

use of filaments for applications in stand-off nonlinear spectroscopy, where precise

knowledge of the pulse spectrum and temporal shape is critical for disentangling the

material response from the underlying propagation dynamics.

In this work, methods are developed for investigating the on-axis spectral and

temporal characteristics of a femtosecond laser pulse as it undergoes filamentary

propagation in order to understand the effect of filamentary pulse reshaping on the

vibrational response of molecular species in the propagation medium. Filament-
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assisted vibrational Raman spectroscopy is realized as a versatile method for sta-

tionary and time-resolved vibrational spectroscopy in the gas phase, with potential

application to stand-off detection of chemical agents at remote distances from the

target. Chapter 2 describes the development of a rigorous method for characteriz-

ing the spectral (temporal) amplitude and phase of a femtosecond laser pulse in a

filament, facilitating the direct measurement of the nonlinear dynamics that drive

the filamentation process and demonstrating pulse shortening in air down to a few

optical cycles. Chapter 3 details the investigation of filamentation dynamics by

spectroscopic means, confirming the measurements presented in chapter 2 and ex-

panding on their interpretation as being driven by dynamic spatial replenishment of

the laser pulse. Impulsive vibrational excitation is observed in the filament chan-

nel, suggesting a means of performing remote Raman spectroscopy. In chapter 4

the time-resolved dynamics of filament-assisted impulsive Raman spectroscopy are

investigated. An analytical model for the rovibrational wave-packet dispersion of di-

atomic molecules is developed, showing that no thermal energy is initially deposited

in the vibrational degrees of freedom during excitation by the filamentary pulse.

Application of filament-assisted Raman spectroscopy to flame thermometry is also

explored. A study of filamentation-assisted impulsive stimulated Raman scattering

spectroscopy as an analytical tool is described in chapter 5 and it is shown that this

method is capable of detecting a wide variety of organic and inorganic compounds,

including several signature molecules for explosives. Finally, in chapter 6 an inves-

tigation of the transient birefringence of air is conducted, revealing the presence of
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ionization grating-induced birefringence. This experiment addresses a fundamental

question about the underlying physics of filamentation in the gas phase at different

wavelengths. New data is provided that illuminates the nature of the bound and

free electron contributions to the refractive index of the medium at high intensity,

demonstrating that the negative change in refractive index due to the generation of

free electrons dominates the defocusing nonlinearity. Chapter 7 sums up the work

presented and offers a perspective on future research directions.
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CHAPTER 2

CHARACTERIZATION OF FILAMENTARY PULSES BY
TRANSIENT-GRATING CROSS-CORRELATION
FREQUENCY-RESOLVED OPTICAL GATING

2.1 Overview

Generating and characterizing ultrafast laser pulses remains a challenging task even

as laser technology advances into the attosecond regime. In this chapter the gen-

eration of stable, short-scale white-light filaments is described and a new method

for characterizing laser pulses undergoing filamentary propagation directly in the

filament channel is presented. This new pulse characterization technique, called

transient grating cross-correlation frequency resolved optical gating (TG-XFROG),

is ideal for measuring the dynamics of nonlinear pulse propagation over meter-length

distances. The filamentation dynamics are measured directly in the filament using

transient grating cross-correlation frequency-resolved optical gating (TG-XFROG),

with a noble gas serving as the nonlinear medium. Using TG-XFROG, the temporal

profile of a pulse undergoing filamentation is measured as a function of input power

and over the length of a filament, providing direct access to the nonlinear dynamics

of filamentary propagation. Pulse shortening from 50 fs down to 6.9 fs is observed,

and the longitudinally-resolved pulse measurements support filamentary propaga-
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tion simulations, providing direct evidence for a Kerr-dominated temporal reshaping

process occurring toward the end of the filament that is largely responsible for the

generation of compressed pulses.

The contents of this chapter have previously been published in part under the

title: “Direct phase and amplitude characterization of femtosecond laser pulses un-

dergoing filamentation in air”[1].

2.2 Pulse Measurement in Femtosecond Laser Filaments

The modification of the temporal and spectral characteristics of a laser pulse un-

dergoing filamentation in the gas phase has been the subject of many experimental

and theoretical investigations to date (cf. [2, 3]). Knowledge of the pulse evolution

during filamentary propagation is critical for designing efficient pulse-compression

schemes based on filamentation[4], for emerging attosecond technology[5], and for

spectroscopic applications[6–9]. Furthermore, accurate measurement of the pulse

characteristics as a function of propagation distance and initial power are important

for resolving the role of plasma generation in the dynamics of filament formation[10–

13], as well as clarifying the fundamental physics of the filamentation process. While

the theoretical understanding of filamentation has advanced rapidly (cf. [14] and

references within), experimental investigation of the dynamic changes in the pulse

temporal envelope during filamentation has been limited because the high intensity

(1013 Wcm−2[15]) of the radiation in the filament channel results in damage to optical

elements in the beam path.
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Self-shortening of a pulse through filamentation in noble gases to durations of a

few optical cycles is now well established[16–18], and measurements of post-filament

temporal dynamics has led to a good understanding of few-cycle pulse generation

during filamentation under carefully optimized conditions[19]. Moreover, pulse short-

ening in air utilizing longer (>100 fs) duration driving pulses to durations of several

tens of femtoseconds has also been demonstrated[20, 21], in good agreement with

numerical simulations[20], corroborating the accepted paradigm of pulse-shortening

through spatial reshaping caused by competition between focusing (Kerr) and defo-

cusing (plasma and diffraction) effects[22, 23, 19, 24]. However, detailed experimental

measurements of the temporal reshaping along the length of the filament are lacking

for conditions similar to those used in the pulse shortening experiments mentioned

above.

Several indirect methods for investigating the temporal dynamics of filamenta-

tion have been explored recently[25–27]. In [25] we employed impulsive vibrational

Raman spectroscopy in O2, N2, and H2O to provide a qualitative picture of self-

shortening dynamics along a filament. The measurements reveal progressive pulse

shortening through the enhancement of the vibrational excitation of molecular oxy-

gen (τvib=21 fs) and nitrogen (τvib=14 fs) in the first focusing cycle of the filament.

In the second focusing cycle of filamentation, shortening down to ∼9 fs, inferred

from the appearance of the symmetric stretching vibration of water, was observed.

Measurements of the two-photon fluorescence signal excited by a beam extracted

from an atmospheric filament in a Coumarin dye cell and the spectral evolution of
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the pulse and its high harmonics have yielded qualitatively similar results[26, 27].

While the above-mentioned techniques and other indirect methods used for esti-

mating the pulse characteristics in a filament give a qualitative picture of the global

pulse dynamics[28–30], they fail to yield specific information about the evolution of

the spectral (temporal) phase and amplitude of the pulse as it undergoes filamentary

propagation. Characterization of the spectral (temporal) amplitude and phase would

be the optimal method to analyze the nonlinear dynamics of filamentation, enabling

direct comparison between experimental and theoretical results. Previous measure-

ments of laser pulses undergoing filamentation have relied largely on extracting a

small fraction of the pulse from the filament using a glass plate (either by Fresnel

reflection or transmission at grazing incidence) for analysis using now-standard pulse

characterization methods such as frequency-resolved optical gating (FROG) or spec-

tral interferometry for direct electric-field reconstruction (SPIDER) (cf. [31–34]).

While insight into filamentation dynamics has been garnered using these methods,

their application has been limited both by linear and nonlinear effects in the glass

inserted into the filament and by material damage, which is non-negligible at the flu-

ences used in more recent filament pulse shortening experiments (cf. [16, 20])[35, 36].

Transient grating FROG has been proposed as an alternative geometry suitable

for characterizing high-intensity “optical bullets” in a gaseous medium[37]. Cross-

correlation transient grating FROG (TG-XFROG) has been used to measure contin-

uum pulses produced in fused silica using zinc selenide as a nonlinear medium[38]. In

TG-XFROG a pair of weak probe pulses create a transient optical grating, from which
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the pulse being measured diffracts. Spectrally resolved detection of the diffracted

beam as a function of time delay between the reference pulses and the unknown

pulse provides sufficient information to extract the phase and amplitude of the fil-

ament beam. Here we show that TG-XFROG largely overcomes the challenges of

in situ pulse characterization in filaments propagating in a gaseous medium, in this

investigation ambient air, at high intensities. We show that when the grating is

formed in a localized argon jet intersecting the filament, transient rotational align-

ment effects are eliminated. Here, the measurement of the pulse spectral (temporal)

phase and amplitude along the propagation axis is reported as well as the effect of

input power on filamentary propagation with respect to pulse reshaping.

2.3 Frequency-resolved Optical Gating

Accurate characterization of ultrashort pulses is key for understanding the physics

of ultrashort laser pulse generation and the limiting factors associated with partic-

ular generation methods[39–41], for understanding, reconstructing, and predicting

the responses of molecules to intense ultrashort laser pulses[42, 43], and for obtain-

ing precise information about the complex shaped pulses that are used for coherent

control[44–47]. Time-frequency spectrograms have proved to be a powerful means

for optical pulse characterization[48, 49]. The implementation of iterative phase re-

trieval algorithms[50] to recover the spectral amplitude and phase from spectrograms

obtained by frequency-resolved optical gating (FROG) has proved to be particularly

successful[51, 52], and enables the inherent redundancy present in the spectrogram
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measurement to be used as a check for the accuracy of the retrieved pulse shape. Here

we briefly review the FROG method and the phase retrieval algorithm commonly

used for spectrograms (FROG traces).

2.3.1 Measurement and Interpretation of FROG and XFROG Spectrograms

In this section we will focus our attention on a particular beam geometry used to

measure pulse FROG traces, as it is the standard geometry most relevant to the work

presented in this chapter. Polarization-gating FROG (PG-FROG)[50] is based on the

common spectroscopic polarization-gate beam geometry and is shown in Figure 2.1.

BS

P !/2
P

L

L FS
S

DS

Figure 2.1: Polarization-gate beam geometry for measuring a PG-FROG spectro-
gram. BS: beam-splitter, DS: delay stage, P: polarizer, λ/2: half-wave plate, L: lens,
FS: fused silica, S: spectrometer.

In PG-FROG, the pulse is split into two beams, with one acting as the gate (pump)

and the other acting as the unknown field to be measured (probe). The probe is sent

through a polarizer to insure clean polarization, while the pump beam polarization

is rotated using a half-wave plate so that its polarization is ±45 degrees with respect

to that of the probe. Both beams are then focused into a χ(3) nonlinear medium,
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usually fused silica. In the nonlinear medium, the pump induced a birefringence,

which rotates the polarization of the probe pulse when the pulses are overlapped

in time. After the nonlinear medium, a second polarizer oriented 90 degrees with

respect to the initial probe pulse polarization acts as an analyzer and transmits only

the polarization-rotated component of the probe beam, which is then detected in

a spectrometer. Measurement of the transmitted spectrum as a function of pump-

probe time delay yields the FROG trace. When a well-characterized reference pulse is

used as the gate rather than the pulse itself to create the spectrogram, the technique

is known as cross-correlation frequency-resolved optical gating (XFROG)[53].

Assuming an instantaneous nonlinearity, the measured spectrogram is mathemat-

ically described by:

S(τ, ω) =
∣∣∣∣∫ ∞
−∞

E(t− τ)g(t)exp(−iωt)dt
∣∣∣∣2 , (2.1)

where E(t−τ) is the electric field of the pulse to be measured and g(t) is the temporal

gating function used to measure the pulse. It can also be convenient to represent the

spectrogram as the double convolution of its Wigner function representation:

S(τ, ω) =
∫ ∫

dt′
dω′

2π WE(t′, ω′)Wg(t′ − τ, ω′) (2.2)
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where the Wigner function:

W (t, ω) =
∫
dt′
〈
E

(
t+ t′

2

)
E∗
(
t− t′

2

)〉
eiωt

′ (2.3)

is a time-frequency representation of the complex pulse in chronocyclic phase space[54].

In FROG the functional relationship of the gate function in regard to the elec-

tric field is known, and for the polarization gate geometry the gate takes the form:

g(t) = |E(t)|2.

The calculated PG-FROG traces and the corresponding temporal (spectral) phase

and amplitudes of several representative pulse shapes are shown in Figure 2.2. It

can be seen from Figure 2.2 that the PG-FROG technique yields relatively intuitive

traces that can be interpreted in terms of the group delay of the pulse, provided the

phase structure of the pulse is not too complex. This results from the fact that the

gate function is a real quantity rather than a complex one[51]. Care must be taken,

however, to scan the pump and probe beams so that the direction of time is correct

(or at least known) for the FROG trace. The direction of time can be determined

by adding a known amount of dispersion in the path of the beam (i.e. putting a

piece of glass in the beam path) and checking that the sign of the added phase is

positive (the low-frequency side of the spectrum preceding the high-frequency side

in time). Integration over the frequency (time) axis of the FROG trace yields the

spectral (temporal) convolution of the pulse with the gate function, in this case the

intensity of the pulse itself. This quantity is called the frequency (time) marginal of
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Figure 2.2: Polarization-gate FROG traces for different spectral phases and their
corresponding pulse temporal (spectral) amplitudes and phases. a. Transform-
limited 40 fs pulse with bandwidth centered at 800 nm (∼375 THz). b. Same
as in (a) with a quadratic phase of 2000 fs2. c. Same as (a) with a cubic phase of
50000 fs3.

41



the FROG trace. For complex pulses it is more convenient to use a well-characterized

pulse (ideally having a flat phase) as the gate function, as this will yield intuitive

spectrograms even for relatively complex pulses. Two examples of calculated XFROG

traces of the pulse are shown in Figure 2.2c; its Wigner function representation is

shown in Figure 2.3 to highlight the effect of the gate pulse duration on the resulting

spectrogram. It is clear from the figure that using a temporally long (spectrally
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Figure 2.3: PG-XFROG spectrograms of the pulse shown in Figure 2.2 using ref-
erence pulses having durations of (a) 100 fs and (b) 20 fs. These distributions show
how the choice of a specific reference pulse can lead to easier spectrogram interpre-
tation in the spectral (a) and temporal (b) domains. The Wigner distribution of
the pulse is shown in (c) to show how (a) and (b) are related to the time-frequency
distribution of the pulse.

narrow) reference pulse reveals the group delay and pulse spectrum at the expense of

temporal resolution, while using a temporally short (spectrally broad) reference pulse

reveals the temporal structure of the pulse at the expense of spectral resolution. The

Wigner function of the pulse is shown because its time and frequency marginals give

the exact pulse structure and both the temporal structure and the group delay are

clearly seen in the distribution. It should be stressed that both XFROG traces shown

in Figure 2.3a and 2.3b will return the temporal (spectral) phase and amplitude of
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the pulse shown in Figure 2.2c upon retrieval as long as the reference pulse is known.

In the limit of a long (narrowband) reference pulse, the time gate is more aptly

characterized as a frequency filter that can be used to measure the arrival time of

the test pulse by up-conversion in a nonlinear crystal. The spectrogram in this case

becomes more appropriately classified as a sonogram[48], which can also be used to

measure the phase and amplitude of the pulse[55–57].

2.3.2 Phase Retrieval From FROG Traces

The time-frequency spectrogram of a pulse can be represented in terms of the signal

field generated as a function of the time delay, τ [51]:

IFROG(ω, τ) =
∣∣∣∣∫ ∞
−∞

Êsig(t,Ω) exp(−iωt− iΩτ)dtdΩ
∣∣∣∣2 , (2.4)

where IFROG(ω, τ) is the FROG spectrogram and Êsig(t,Ω) is related to the electric

field of the unknown pulse by: E(t) = Êsig(t,Ω = 0). It is apparent from Equation

(2.1) that IFROG(ω, τ) is the squared magnitude of the 2D Fourier transform of the

signal field, leaving only the phase of Êsig(t,Ω) to be recovered. This is simply

a formulation of the two-dimensional phase-retrieval problem[58], which is solvable

provided the data has finite support[58, 59]. For the measurement of ultrashort

pulses, it is sufficient to know the mathematical form of Êsig(t,Ω), which is defined

by the beam geometry of the FROG arrangement[51]. The signal field is obtained

by iterating the test solution between the constraint imposed by the form of the
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measured spectrogram (the data constraint) and the constraint imposed by the beam

geometry used to measure the spectrogram (the nonlinear-optical constraint)[60].

While several pulse-retrieval algorithms have been developed, we focus here on

one of the most powerful methods: the principle component generalized projection

algorithm (PCGPA)[61]. The PCGPA takes advantage of the fact that the FROG

spectrogram can be represented as the outer product of two vectors, representing

the pulse electric field and the nonlinear gate function (the form of which is dic-

tated by the FROG geometry used). The outer product matrix is converted to

the time-domain spectrogram representation by a series of row rotations and then

the columns are Fourier-transformed to the frequency-domain, which is the familiar

time-frequency spectrogram representation of the test pulse. The data constraint is

applied by replacing the amplitude with the square-root of the measured spectro-

gram, and the resulting test spectrogram is converted back into the outer product

form. A singular value decomposition (SVD) is then used to decompose the ma-

trix into a weighted sum of outer products, and the outer product with the largest

weight is then used as the initial guess for the next iteration. In order to satisfy the

mathematical constraint for the generalized projections, the functional distance:

Z =
N∑

i,j=1

∣∣∣E(k)
sig (ti, τj)− E(k+1)(ti − τj)

∣∣E(k+1)(ti)
∣∣2∣∣∣2 , (2.5)

where k and k + 1 represent the kth and (k+1)th iterations of the algorithm[52], is

minimized. Pulse retrieval of the unknown for XFROG traces is done in the same
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manner as for FROG traces, with the known pulse substituted for the gate function

in the mathematical constraint.

2.4 Experimental Arrangement for Transient-Grating

Cross-Correlation Frequency Resolved Optical Gating

In order to measure the amplitude and phase of the laser pulse undergoing filamentary

propagation, the output of a 1 kHz Ti:sapphire producing 2.5 mJ, 50 fs pulses (with a

transform-limited pulse duration of ∼40 fs) and having an initial beam waist of 4 mm

is split into pump (filament) and probe pulses. The pump pulse energy and beam

diameter is controlled by an iris 5 cm before it is focused by an f = 2070-mm lens

into an open-ended tube. An xy-translation stage provides further control over the

transverse position of the lens, which is used to control the position of the filament in

order to optimize overlap with the transient grating. No changes in the far field pump

spectrum are observed when making small (∼1-2 mm) lateral adjustments to the

position of the lens, justifying the approximation that optimization of this parameter

does not disturb nonlinear propagation. The chirp of the pump is optimized using

the grating compressor in the amplifier at the highest input power used to maximize

the spectral blueshift of the pulse in the far field. Maximum spectral broadening is

typically observed with a slightly positive pulse chirp.

The reference pulse is attenuated using a neutral density filter, passed through

a computer-controlled delay stage, and split into two pulses, which are then focused

onto the filament in a boxcar geometry (Figure 2.4, inset), with a crossing angle of
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∼1.1◦. The spectrograms are processed using commercially available FROG code

according to the delay geometry used in the experiment[38]. The beam waist of

the reference pulses overlapped in the medium is 75 µm, which defines the spatial

aperture used to measure the filament core. Transverse geometric smearing resulting

from this small crossing angle can be neglected because of the long duration of the

reference pulses, as the smearing is significantly smaller than the temporal window

of the gate function. Fine adjustments of the spatial overlap between the filament

and the reference pulses are made by optimizing the transverse position of the 2-m

lens. A noble gas (argon or helium) is introduced into the interaction region be-

tween the beams as the nonlinear medium in sufficient concentration to eliminate

the delayed Kerr response of the propagation medium (air). We assume that the

small path length of the filament in the noble gas does not affect the dynamics of the

air-borne filament at the point of measurement, which is supported by comparable

results obtained using argon and helium. The direction-of-time is determined by

measuring the four-wave mixing signal in air, which shows the effect of the delayed

Kerr response on the trailing edge of the gating pulses, as well as revivals due to the

rotational wave-packets generated impulsively by the probe pulses. The diffracted

signal exhibits significant spectral angular dispersion resulting from the diffraction of

the continuum off of a quasi-single-frequency grating. This effect is a manifestation of

the effective phase-matching constraint for non-degenerate four-wave mixing due to

the fact that all signal frequencies are gated by the same grating wavevector[62]. To

avoid directional filtering of the signal, the angular dispersion of the signal is removed
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2.5 mJ
50 fs
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a.
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g.

Figure 2.4: Experimental arrangement for TG-XFROG pulse measurement. The
pulse is first split using an 80:20 beam-splitter (a), after which the filament (2 mJ)
is focused using an f = 2070-mm convex lens (b). The weaker (probe) beam is
attenuated appropriately using neutral density filters and is split (d) into equal parts
before being focused (e) using a = 500-mm lens to form a grating in the nonlinear
medium (f). The delay between the probe beams and the filament beam is controlled
by a motorized delay stage (c). After the nonlinear interaction, the signal is collected
and collimated using an f = 300-mm spherical mirror and spectrally recombined
using a fused silica prism pair before being imaged into a spectrometer (g).
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by collimating the signal with a lens and recombining the dispersed spectrum using

a prism pair, resulting in a spatial chirp-free signal, which is imaged into the spec-

trometer (USB4000, Ocean Optics). Under these conditions, the effective bandwidth

of the TG-XFROG is limited mainly by the frequency-dependent signal generation

efficiency that follows directly from solving the Maxwell’s equations for four-wave

mixing[63]. The signal is corrected for this frequency dependence (squared in the

power spectrum) and the spectrometer response. Reference pulses are characterized

with SHG-FROG using the same delay stage used in the TG-XFROG measurements,

providing an additional check for correct stage alignment.

2.5 Dependence of Pulse Shape on the Input Power During

Filamentation in Air

The spectral phase and amplitude of a pulse undergoing filamentation is characterized

using TG-XFROG at a fixed position (255 centimeters from the f = 2070-mm lens)

as a function of incident laser power. Figure 2.5 shows the spectrograms measured in

the filament channel at different input energies and aperture conditions. The spectro-

gram representation of a pulse has been suggested as a useful way of visualizing the

spectral-temporal dynamics resulting from nonlinear pulse reshaping[19, 64], and in

this case provides an intuitive representation. The measured XFROG spectrograms

were inverted with a standard algorithm and the retrieved temporal and spectral pro-

files are shown in Figure 2.6. The results shown in Figure 2.6 emphasize the role of

input power on the pulse shaping mechanisms that control the filamentation dynam-
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Figure 2.5: Measured and retrieved spectrograms obtained 255 cm from the f =
2.07-m lens at different input powers. The fraction of the critical power and the
diameter of the beam aperture are listed for each TG-XFROG trace. The average
XFROG retrieval error was 0.0052 and all errors were below 0.0075 on 512 pixel
grids.
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Figure 2.6: Temporal (top) and spectral (bottom) phase and amplitude measured
255 cm after the f = 2070-mm lens using TG-XFROG with an input energy of 1.5
mJ. Top inset: spectral phase and amplitude measured at 3Pcrit on a linear scale.
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ics. For input powers up to the critical power for self-focusing (Pcrit = 10GW[65])

little spectral or temporal reshaping is observed. As the input power is increased

past the critical power for self-focusing a red-shift is observed in the spectrum, in-

dicating the onset of plasma generation. This is immediately followed by temporal

pulse splitting, with an accompanying spectral blue-shift of the trailing pulse edge

(the temporal-spectral dynamics are readily apparent from the spectrograms in Fig-

ure 2.5). This can be qualitatively understood in the context of recently published

numerical simulations of filamentary pulse propagation[66], which highlight the con-

tributions of plasma-induced break-up (red-shifting the leading edge of the pulse)

and Kerr-dominated refocusing at the back of the pulse (blue-shifting the trailing

sub-pulse) to generate a characteristic double-pulse feature. Only small changes are

observed in the pulse spectrum and temporal profile as the power is increased from

20 GW to 27.5 GW (2 to <3 critical powers, respectively), which we interpret as

being due to an insufficient power to initiate a second cycle of refocusing efficiently

in the off-axis pulse components that were defocused by plasma generation at the

nonlinear focus. However, as the input power is increased to above 30 GW (3Pcrit),

the trailing sub-pulse becomes the dominant feature of the temporal profile, while the

leading sub-pulse is strongly attenuated relative to the trailing sub-pulse, resulting

in an overall pulse duration of 17 fs. The fact that an isolated, temporally shortened

pulse is observed at >3Pcrit is consistent with previous experiments and numerical

models. Our interpretation of the dynamics is also consistent with experimental

measurements under similar conditions[25], where filamentary pulse shortening was
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shown to occur in two distinct stages and where significant pulse shortening in the

second focusing event of the filament was inferred from combined spectroscopic and

spectral measurements. We will explore these measurements in a subsequent chapter.

The observation in [25] of the excitation of water suggests that the pulse duration is

further shortened to 9 fs as the pulse power is increased past 3Pcrit.

The present measurements span a wide range of input powers and thus provide

an important reference for modeling filament propagation under conditions where

plasma generation is expected to play a dominant role in spectral-temporal pulse

reshaping. Models of filamentation that consider saturation of the Kerr nonlinear-

ity through higher-order terms as a competitive mechanism for self-focusing arrest

predict substantially different filament dynamics than models where Kerr saturation

terms are not considered[10]. We expect that modeling the transient pulse structures

reported here for different input powers will help shed light on the critical parameters

governing pulse shortening during filamentation. The excellent agreement between

our measurements and existing theoretical predictions of pulse shortening[67, 20]

suggest that plasma generation is the dominant defocusing term for filamentary

pulse shortening under the conditions reported here. Knowledge of transient pulse

structures occurring during filamentation is also essential for nonlinear spectroscopic

methods relying on intensity effects and pulse duration effects to generate signals

of interest, particularly when multiple-pulse structure can play a role in coherently

suppressing or enhancing the nonlinearly generated signal[8, 9].
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2.6 Filament Propagation Dynamics Measured Using TG-XFROG

Measurements of the evolution of the pulse in the filament channel are of critical im-

portance for both spectroscopic applications of filamentation and also for the study of

filamentation dynamics. By translating the filament-generating lens (Figure 2.4(b))

longitudinally and measuring the on-axis pulse duration as a function of distance

from the lens, it is possible to track the changing pulse profiles through the filament

region. Figures 2.7 and 2.8 show the temporal intensities and selected spectral am-

plitudes, respectively, measured using the TG-XFROG technique along the length

of the filament. Agreement between the measured pulse evolution and the pulse

evolution theoretically predicted by Breé et al.[66, 67] is excellent, confirming the ac-

curacy of the propagation paradigm predicted by the dynamic spatial replenishment

model. The pulse reshaping process can be roughly split into three regions, shown

in Figure 2.7 (a), (b), and (c). First, self-focusing leading to ionization shortens the

pulse and effectively shifts the on-axis pulse intensity distribution forward in time

relative to the original pulse intensity distribution by removing the back of the pulse

to the transverse wings of the beam by plasma defocusing. The relative time delay

of the pulses is measured experimentally by using a low intensity pre-pulse spaced

700 fs from the main pulse as a time reference. As a result the relative shift of the

pulse as it undergoes filamentation is recovered and the dynamics shown in Figure

2.7 reflect the actual local time of the filamentary pulse. As the on-axis pulse in-

tensity decreases after the nonlinear focus (∼z = 201-cm), ionization decreases and
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Figure 2.7: Temporal intensity profiles of a 45 fs, 2 mJ laser pulse undergoing
filamentation in air as a function of distance from the focusing lens. Propagation
through the nonlinear focus (a) and subsequent refocusing (b) and finally Kerr-driven
compression in the post-ionization region (c) are observed.
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Figure 2.8: a. Comparison of the retrieved spectrum from the TG-XFROG trace
measured 258.7 cm from the focusing lens and an experimentally measured spectrum
obtained by inserting a glass slide at a grazing angle in the filament and measuring
the transmitted beam in the far field. The measured spectrum was taken using
a 40 fs pulse under the same focusing conditions, which explains the significantly
broader continuum. b. Selected retrieved spectra showing the spectral evolution of
the filamentary pulse as it propagates in the filament channel.
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refocusing at the back of the pulse occurs concomitantly with further plasma-induced

splitting at the front of the pulse, leading to an extended and modulated structure

in time. The observation of the primary splitting event occurring near the geomet-

ric focus has been numerically predicted. However, here we observed the splitting

event occurring well after the geometric focus at z = 207-cm and extending over a

much longer fraction of the filament length. The transient three-peaked structure

observed in Figure 2.7b is reproduced in the simulation of filamentation for similar

input parameters in air by Breé[67]. As the leading edge is attenuated by diffraction

and multiphoton absorption the trailing edge of the pulse is further shortened due

to self-guiding by the Kerr nonlinearity. A self-pinching mechanism has been identi-

fied previously[24, 66], in which the intense part of the on-axis pulse is stabilized by

self-focusing while low-intensity wings diffract out. The effects of these mechanisms

can be seen in Figure 2.7c by the reduction in the intensity of the leading pulse

intensity compared to the trailing pulse intensity. Further separation of the leading

pedestal from the shortened pulse is observed at the end of the measurement region,

suggesting that pulse reshaping continues beyond this point with further splitting

events. The dominance of the trailing sub-pulse at the end of the filament suggests

that the measurements presented here are not in the “cascaded” filamentation regime

predicted in ref.[67]. The spectral amplitudes shown in Figure 2.8b highlight the fact

that strong blue-side broadening does not occur until the Kerr-dominated propaga-

tion region toward the end of the filament. While no reference spectra were measured

during the TG-XFROG acquisitions, comparison between the spectra retrieved us-
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ing TG-XFROG and spectra measured previously using shorter (40 fs) input pulses

in the same focusing geometry are in excellent agreement (Figure 2.8a), providing

a metric for the accuracy of the TG-XFROG method. Also, Figure 2.8a suggests

that greater self-shortening in the filament can be readily obtained by using shorter

input pulses (evidenced by the greater spectral broadening without evidence of pulse

splitting in the measured spectrum), with output pulse durations approaching the

single-cycle limit at 800 nm.

2.7 Conclusions

In this chapter we have demonstrated characterization of the on-axis amplitude and

phase of a femtosecond laser pulse undergoing filamentation. Characterization was

accomplished using transient grating cross-correlation frequency resolved optical gat-

ing, where two weak reference beams create a transient grating in a noble gas that

diffracts the pulse undergoing filamentation in its native propagation environment,

realizing for the first time in situ measurement of a filamentary pulse. The resulting

picture that emerges upon analysis clarifies the conditions under which efficient pulse

shortening may be realized in a molecular medium (air) for input pulses on the order

of fifty femtoseconds in duration.

The pulse dynamics of the filament were first probed as a function of input laser

power, demonstrating the importance of the Kerr-focusing process for efficient pulse

shortening after the initial plasma-induced temporal break-up of the laser pulse.

Pulse measurements as a function of the propagation coordinate at high power elu-
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cidated the propagation dynamics, confirming the theoretically proposed mechanism

of filamentary pulse shortening through a two stage process consisting of (1) plasma-

induced temporal pulse break-up and (2) subsequent re-focusing of the trailing edge

of the pulse and shortening dominated by self-focusing and self-steepening effects.

The measurements presented here also suggest that the interplay between Kerr self-

focusing and ionization-induced defocusing is adequate for describing the physical

process of filamentation over the range of pulse characteristics studied, a perspec-

tive which is justified by the strong evidence of on-axis plasma defocusing near the

nonlinear focus. In addition to the insights gained in this work into the dynamics of

filamentation, we have presented a robust method for measuring high-intensity pulses

in situ suitable for measuring pulses as short as a single optical cycle in duration.
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CHAPTER 3

EVOLUTION OF THE PULSE SPECTRUM, FLUORESCENCE
PROFILE, AND VIBRATIONAL RAMAN RESPONSE DURING

FILAMENTARY PROPAGATION

3.1 Overview

In this chapter the filamentation-induced temporal shortening of a 45 femtosecond

(fs) pulse propagating in air is investigated using a combination of coherent Raman

spectroscopy, measurement of the filament power spectrum, and detection of the

fluorescence from the excited medium as a function of position along the propagation

axis. The impulsively excited vibrational Raman responses of nitrogen, oxygen,

and water are correlated with self-shortening of the filamentary pulse, supplying

evidence of pulse splitting and shortening down to 14 fs during the first focusing

event in the filament and further self-shortening to 9 fs without pulse splitting in

the second focusing event. Measurements of the power spectrum of the pulse along

the path of the filament provide further insight into the mechanism of temporal

shortening by showing that the generation of the spectral components in the visible

and ultraviolet during the second focusing event coincides with the appearance of the

O-H vibrational stretch of water in the Raman spectrum. This observation suggests a

Kerr-dominated shortening process in the later stage of filamentation for short (< 50
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fs) pulses. Measurement of the vibrational overtone of hydrogen at the end of the

filament potentially furnishes a more refined estimate of the ultimate duration of the

pulse after filamentation, corresponding to a pulse transient only 4.1 fs long if direct

excitation occurs. We conclude the chapter by comparing the intensity-corrected

Raman profiles with Raman spectra calculated using pulses measured using TG-

XFROG at different positions in the filament. This comparison validates the methods

used in the investigations presented here and in the previous chapter and confirms

the interpretation of the filamentary dynamics.

The contents of this chapter have previously been published in part under the ti-

tle: “Self-shortening dynamics measured along a femtosecond laser filament in air”[1].

3.2 Motivation for Spectroscopic Investigation of Filamentation

Dynamics

Until now there has been a lack of methods capable of directly probing the spatio-

temporal pulse shaping dynamics that occur during filamentary propagation in the

gas phase[2] due to the high intensity (∼1013 Wcm−2)[3] generated in the filament

channel by self-focusing. As a result, measurements of temporal dynamics of gas-

phase filaments as a function of position have been restricted to plasma-mediated

methods, such as fluorescence analysis[4], plasma-generated acoustic wave analysis[5],

and measurements of the plasma conductivity[6]. Holographic methods that have

been developed for shadowgraphic characterization of filaments in the condensed

phase and for tight focusing in the gas phase[7–10] have also been more recently
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extended to gas filaments generated in the loose focusing limit[11]. Still other

methods have been used as basic tools to study the filament propagation dynam-

ics through rotational quantum wakes[12, 13]. The phase and amplitude of a pulse

before and after filamentation have been characterized using spectral interferometry

for direct electric field construction (SPIDER)[14–16] and frequency-resolved optical

gating (FROG)[17], and numerical models have been able to reproduce the observed

output[2] with excellent agreement. Post-filament re-compression of the pulse has

also been characterized, demonstrating striking pulse shortening to nearly single-

optical-cycle durations[18]. Methods where the pulse is coupled out of the filament

for characterization have also been implemented[19–24]. However, few non-invasive

spectroscopic measurements have been made that can validate the intermediate dy-

namics of filamentation observed in numerical simulation.

One of the challenges of measuring and characterizing a pulse undergoing fila-

mentation is the need for complementary data from which to extract not only the

gross intensity of the filament, but also the fine details of pulse reshaping in the

filament core. Since the intensity is a function of not only the laser energy and radial

distribution but also depends on the temporal structure of the pulse, methods that

are sensitive to the pulse duration must be used in order to gain additional insight

into the propagation dynamics. Molecular vibrations are inherently sensitive to the

duration of an incident laser pulse, and impulsive vibrational excitation is a ubiq-

uitous process that occurs whenever a laser pulse propagates through a molecular

medium having Raman-active vibrational modes with oscillation periods longer than
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the laser pulse duration[25]. Here we utilize this fact to track the temporal dynamics

of a femtosecond laser pulse undergoing filamentation in air through the vibrational

Raman response of its constituent molecules. In combination with measurements

of the filament power spectrum and fluorescence response as a function of propa-

gation distance, the Raman spectrum is shown to be a powerful tool for analyzing

the changing pulse shape over the length of the filament. From the spectroscopic

data we are able to extract a clear picture of the pulse evolution in the filament

channel, which is confirmed by the new method of transient grating cross-correlation

frequency-resolved optical gating (TG-XFROG) and numerical simulations of the

impulsive vibrational excitation using the retrieved pulses.

3.3 Theory of Pulse Measurement using Impulsive Raman Scattering

in a Femtosecond Filament

Impulsive stimulated Raman scattering (ISRS) causes vibrational excitation of the

propagation medium while producing a continuous red-shift in the pulse spectrum[25–

27] (Figure 3.1(i)). Because all of the molecular modes per unit volume are excited

simultaneously, the phase relationship between adjacent molecules is fixed and that

creates a coherent ensemble that can cause macroscopic effects, such as coherent Ra-

man scattering of a time-delayed probe pulse. At a stationary position in the medium,

the coherent vibrational wave is observed as a time-dependent change in the polar-

izability of the medium that evolves with a characteristic period, τvib = 2π/ωvib, and

can interfere with co-propagating light waves.
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Figure 3.1: Representative wave-mixing energy level diagrams showing (i) intra-
pulse ISRS and (ii) pump-probe ISRS. Here g represents the ground vibrational state,
v represents the excited vibrational state, and n represents the off-resonant interac-
tion of the electric field with the electronic states of the system (virtual state). The
fields in (i) depict the energy down-shift that occurs due to transfer of energy to
the vibrational modes of the medium, while the oscillations in (ii) represent a coher-
ently prepared vibrational wave-packet that evolves in time. The diagrams below the
numbers indicate the phase-matching conditions for (i) and (ii), respectively, with
the dotted arrows in the phase-matching diagrams denoting the signal wavevector.
It has been assumed for (ii) that the pump-probe geometry is non-collinear.
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The condition that must be fulfilled in order for ISRS to take place is that the

exciting pulse must be on the order of the vibrational period in duration. The reason

this is the case is the following: if the pulse duration spans several oscillations of the

vibrational mode in time, molecules excited at different times within the duration

of the laser pulse will not be in phase, resulting in destructive interference. The

polarization induced in the medium by a short pump pulse and a probe pulse can be

expressed as:

P (ks, t) = −Epr(t)
∫ ∞
−∞

dt2|Epu(t+ τ − t2)|2χvib(t), (3.1)

where Epu(t) is the pump electric field, Epr(t) is the probe electric field, χvib(t) is the

linear response function associated with the polarizability, ks is the wavevector of

the signal, and τ is the pump-probe time delay[28]. From Equation (3.1) the signal

for impulsive Raman scattering can be calculated as:

SIRS(τ) =
∫ ∞
−∞

dt|Epr(t)|2
∣∣∣∣∫ ∞
−∞

dt2|Epu(t+ τ − t2)|2χvib(t)
∣∣∣∣2 . (3.2)

While (3.2) offers an intuitive time-domain picture, evaluation of the material

excitation process requires knowledge of the pump pulse temporal profile, which is

exactly the information we seek in the current investigation of the filamentation dy-

namics. Measurement of the pulse spectrum imposes a constraint on the possible

pulse shapes, but the spectral phase is unknown and is not easily incorporated into

Equation (3.2). However, we can see how the spectral phase and amplitude are
70



related to the time-domain pump-material interaction by taking the Fourier trans-

form of Equation (3.2) with respect to the excitation process, which results in a

more transparent expression for the frequency-dependence of the impulsively excited

signal[28]:

SIRS(τ) ≈
∫ ∞
−∞

dt|Epr(t− τ)|2 ×
∣∣∣∣ 1
2π

∫ ∞
−∞

dω e−iωt|Epu(ω)|2χvib(ω)
∣∣∣∣2 . (3.3)

The Fourier transform relationship of the pump pulse in Equations (3.2) and (3.3)

shows that the constraint for ISRS in the time domain is that the pulse must have a

duration or temporal substructure comparable to the oscillation period of the Raman-

active mode being considered[25, 29], while the equivalent spectral domain constraint

is that the number of frequency pairs ω1 and ω2 within the pulse bandwidth, i.e. the

spectral density, that fulfill the criterion ωvib = ω1−ω2 will determine the amplitude

of the vibrational response. In addition, the spectral phase contributes non-trivially

to the vibrational excitation (e.g. by causing interference in the time-domain). From

these considerations it can be seen that simply having spectral content spanning the

energy of a vibrational transition is not sufficient: the pulse frequency components

must be appropriately phased with respect to one another in order to set up a

coherence in the medium that does not destructively interfere within the duration of

the pulse envelope.

The above mentioned considerations can be incorporated into Equation (3.3) to

produce an expression for the Raman spectrum in terms of the spectral phase and
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amplitude of the pump pulse:

SIRS(ω, τ) ≈
∣∣∣∣∫ ∞
−∞

dtEpr(t− τ)
[
Θ(t)β(ωvib)e−iωvibte−γvibt

]
e−iωt

∣∣∣∣2 , (3.4)

where γvib accounts for vibrational dephasing, Θ(t) is the Heaviside function, and:

β(ωvib) = η

∫ ∞
−∞

dω′Epu(ω′)× Epu(ω′ − ωvib)

is the excitation amplitude dictated by the material response, η, and by the phase

and amplitude of frequency components contained within Epu(ω). The factor β(ωvib)

quantifies the essential condition for ISRS: a sufficiently short laser pulse is required

to produce a signal at a given frequency, ωpr − ωobs = ωvib. Moreover, the presence

of short temporal features is a necessary but insufficient condition: if there are sev-

eral such features, they must interfere constructively in β(ωvib) to provide a Raman

response; destructive interference will decrease the signal amplitude.

The vibrational coherence generated by the interaction of the medium with an

impulsively short laser pulse will interfere with a time-delayed probe pulse at ωpr to

produce sidebands at ωpr ± ωvib. For a probe pulse whose bandwidth is significantly

less than the frequency spread of the Raman transition (∆ωpr � ωpr ± ωvib) the

sidebands can be resolved from the laser pulse bandwidth, allowing background-free

detection of the discrete vibrational frequencies present in the sample. The quantity

of interest in the current investigation is the temporal intensity profile of the pulse

undergoing filamentation, which is related to the intensities of the detected Raman
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lines given by Equation (3.4). The Raman peak amplitude of a given vibrational

mode is determined by three factors: the Raman cross-section, the concentration, and

the filament spectral power density at the vibrational frequency. In order to recover

the temporal phase and amplitude of the filament pulse, additional constraints on

Equation (3.4) are needed. Specifically, if the power spectrum and intensity are

known, then in principle the full pulse information can be recovered for a sufficiently

dense sampling of vibrational intensities by evaluation of β(ωvib) for a given pulse

power spectrum, intensity, and distribution of Raman lines.

The pulse spectrum can be measured in a straightforward (though indirect) man-

ner, but the pulse intensity is more difficult to obtain directly by experiment. One

indirect method for obtaining the relative intensity within the filament is to measure

the fluorescence emission from excited molecules in the filament wake[4]. Fluores-

cence emission from the second positive band system of N2 (C3Πu — B3Πg) and the

first negative band system of N+
2 (B2Σ+

u — X2Σ+
g ) dominates the fluorescence signal

from the filament in air and can be used to characterize the relative intensity[4].

Population of the B2Σ+
u state is accomplished through multi-photon ionization of

inner shell electrons, resulting in a distribution of excited vibronic states. Thus,

the B2Σ+
u state population will have a similar intensity dependence as the ioniza-

tion rate. The C3Πu state is populated through dissociative recombination of N+
4

(N+
4 + e− → N∗2 + N2), which is created through the reaction of molecular nitrogen

with the molecular nitrogen ion (N+
2 + N2 → N+

4 )[30]. Hence the population of the

C3Πu state is proportional to the total number of ions. Talebpour et al.[4] found
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empirically that the total fluorescence yield from nitrogen scales as the multi-photon

ionization signal at a pulse energy twice lower than the observed MPI rate. More de-

tailed models of the precise scaling of the fluorescence signal with the laser intensity

have been investigated[31–33], but for the present analysis we restrict ourselves to

the empirically observed trend, as only the total fluorescence intensity was measured.

Thus the fluorescence signal can be approximated[32]:

Sfl ≈
∫ ∞

0
rdrNfl(r, τ), (3.5)

where Nfl is the number of fluorescing ions and excited neutrals, and is roughly

proportional to the total number of ions[4]:

Nfl
∝∼ N0

∫ τ

−∞
σ(meff)|Epu(τ)|2meffdτ. (3.6)

In Equation (3.6), N0 represents the number density of the species, σ(meff) the meff

order coefficient of the excitation process, and Epu the initial pulse intensity. The

fluorescence signal Sfl is proportional to the (meff/2)th-root power of the laser energy

and enters Equation (3.4) through the amplitude of Epu in the parameter β(ωvib).

3.4 Experimental Arrangement for Spectroscopy in a Filament

A Ti:sapphire chirped-pulse amplifier generating 2.5 mJ, 40 fs pulses at a kilohertz

repetition rate was used to produce a femtosecond laser filament and to measure its

spectral properties and the vibrational and electronic excitation of the medium after
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its passage. The laser output was split into two beams, which were used to create

a filament and a spectrally narrow probe pulse. The transverse beam profile was

Gaussian and had an initial beam waist of ∼4.1-mm. Focusing the 1.9 mJ pump

pulse into atmospheric air with a f = 2070-mm lens generated a single white-light

filament. The filament was made in an open-ended tube preceding the overlap region

to reduce turbulence, and the filamentation conditions were changed using the pulse

compressor in the laser amplifier and by an adjustable aperture placed before the

focusing lens. The filament was optimized by maximizing the spectral blue-shift of

the pulse power spectrum after the filament while maintaining a single filament in

the spatial profile.

In order to make measurements of the filament as a function of propagation

distance, the f = 2070-mm lens was placed on a translation stage having a range of

300-mm, as shown in Figure 3.2. The translation stage in turn was mounted on a rail

to provide a total translation range of 85-cm, covering from 180- to 265-cm from the

focusing lens. The filament lens was mounted on an x-y translation stage, affording

control over the transverse position of the lens. Fine adjustments (< 1 mm) to the

spatial overlap were made at each delay to maximize the Raman signal. No changes

in the filament spectrum were observed when adjusting this parameter, justifying

the approximation that changes in the position of the lens had a negligible impact

on the filamentation dynamics.

The polarization of the probe pulse was rotated 90◦ with a half-wave plate and

the beam diameter was reduced to 1.3-mm using a telescope in order to accommodate
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Figure 3.2: Schematic of experimental setup for vibrational Raman spectroscopy
in a filament. (a) 80:20 beamsplitter, (b) 30-cm translation stage moveable over
75-cm, (c) 3:1 telescope, (d) zero-dispersion 4-f spectral filter with adjustable slit,
(e) electronic stage for controlling temporal delay between filament pump and probe
pulses, (f) open flow cell for gas-phase samples, (g) zero-dispersion 4-f spectral filter
with knife-edge filter, (h) USB spectrometer.
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the grating in a zero-dispersion 4-f spectral filter. The probe pulse was spectrally

filtered to reduce the bandwidth using an adjustable slit placed in the Fourier plane

of the 4-f filter. The resulting 10 µJ, 0.6 ps pulse (∼25 cm−1 FWHM at 795 nm)

was then passed through a temporal delay line and focused using an f = 500-mm

lens onto the filament at a small angle (θ = 1.5◦) with respect to the filament axis,

as shown in Figure 3.2. The diameter of the probe beam at the focus (>200 µm) was

larger than that of the filament channel (estimated diameter ∼100 µm), resulting in

the integration of the Raman response over the entire spatial profile of the filament.

Cross-phase modulation between the filament and probe pulses arising from the

optical Kerr effect was minimized by introducing a 700 fs delay between the pump

and probe beams (pump preceding probe). In addition, the cross-polarization of the

filament and probe pulses served to further suppress cross-phase modulation arising

from the delayed rotational response of air. The Raman signal generated by the

probe interaction with the vibrationally excited medium traveled nearly collinearly

with the probe pulse and was measured using a spectrometer after filtering out the

probe wavelength in the Fourier plane of a second zero-dispersion 4-f filter. Only

the anti-Stokes Raman spectra are presented below. Optimization of the filament-

probe spatial overlap was accomplished by maximizing the intensity of the Raman

features present in ambient air (nitrogen, oxygen, and water) at several lens positions

to ensure overlap over the entire filament region.

To determine the global intensity of the filament relative to the focusing lens,

fluorescence from electronically excited N2 and N+
2 in the filament was imaged using
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a digital camera, and the pixel map was integrated over the filament radius to yield

the gross intensity of the pulse in the filament as a function of distance[4].

3.5 The Raman Spectrum, Power Spectrum, and Fluorescence Profile

of a Laser Filament

The Raman spectrum of air in the filament wake is presented in Figure 3.3, in which

the Raman intensities of oxygen, nitrogen, and water are observed. The Raman spec-

trum presented in Fig. 3.3 was measured 250-cm from the f = 2070-mm lens. It is

clear from Fig. 3.3 that the filament pulse impulsively excites the observed vibrations

due to the fact that the probe is delayed by τd = 700 fs from the filamentary pulse

in time, implying the excitation of a vibrational wave that evolves independently

in the absence of the pump field. Under conditions where the pump is too long in

time to excite a vibrational wave-packet, no coherence is built up and no Raman

light is detected unless the pump and probe pulses are overlapped in time, at which

delay the expected CARS signal is observed. The fact that signal is observed in the

direction of the time-delayed probe pulse further suggests that vibrational coherence

has been formed in the wake of the filamentary pulse.

Measurement of the Raman spectrum over the length of the filament is indicative

of the degree of pulse self-shortening in the filament. The Raman response of air

in the filament wake measured as a function of distance from the f = 2070-mm

lens is shown in Figure 3.4, where the intensity of the O2, N2, and H2O lines are

plotted as a function of distance from the lens. Note that because the probe pulse
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Figure 3.3: The Raman spectrum of air detected in the wake of the filament pulse
(τd = 700 fs). The Raman transitions of oxygen, nitrogen, and water are evident.
The spectrum was measured z = 250-cm from the focusing lens. The water feature
was measured separately without attenuation.
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Figure 3.4: Measured Raman line intensities of oxygen (red, 1554.7 cm−1), nitrogen
(blue, 2330.7 cm−1), and water (light blue, 3657.1 cm−1) in ambient air as a function
of propagation distance from the f = 2070-mm lens.
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radius is larger than the filament radius, integration of the Raman response over the

spatial profile of the filament restricts the information contained in the measurement

to probing longitudinal dynamics. It is worth noting, however, that imaging the

spatial profile of individual Raman components using a CCD camera would enable

full spatial reconstruction of the pulse duration over the filament beam profile.

The data presented in Figure 3.4 must be corrected for the changes in filament

intensity that accompany the focusing and defocusing of the pulse as it undergoes

filamentation. In order to quantify the intensity of the filament, the fluorescence

emitted by excited molecules was imaged and the fluorescence emission as a function

of distance from the f = 2070-mm lens is extracted from the image. The measured

fluorescence is shown in Figure 3.5. Two focusing events are observed over the

length of the filament: an initial focusing event close to the geometric focus (zf ) of

the lens peaking at z/zf = 0.97 (∼200.8 cm) and a re-focusing event 24-cm after the

geometric focus peaking at z/zf = 1.12 (∼231.8 cm). This sequential focusing has

been suggested as a signature for optimal pulse compression scenarios[34–36], and

will be shown later to be an important indicator of the underlying dynamics of pulse

self-shortening.

It is clear from the data in Figure 3.4 that the filament pulse undergoes self-

shortening due to nonlinear propagation in the filament channel. The initial pulse

duration is not short enough to impulsively excite oxygen, nitrogen, or water, but

after filamentary propagation all three modes are observed in the Raman spectrum.

The several orders-of-magnitude increase in the Raman amplitudes also suggests
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Figure 3.5: The measured fluorescence profile of the filament, which is proportional
to the (meff/2)th-root order of pulse intensity. The poor signal-to-noise ratio at the
end of the filament is attributed to scattering of the white-light continuum generated
during the filamentation process off of particles in the air.
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that the pulse duration is significantly shorter at the end of the filament compared

to the beginning of the filament. While three Raman lines are insufficient to fully

reconstruct the phase and amplitude of the pulse undergoing filamentation using

Equation (3.4), they impose a minimal constraint on the possible pulse intensity

profiles that could result in the observed excitation. The simplest pulse that could

be used to describe the envelope would contain only one short feature capable of

impulsively exciting the observed vibrational transitions, and whose power spectrum

would reflect the amplitudes of the corresponding Fourier component pairs necessary

to excite the observed Raman spectrum. It follows from this that by measuring

the power spectrum of the filamentary pulse along the filament we can immediately

impose a stricter constraint on the pulse shape.

The power spectrum of the filament was acquired by inserting a 150 µm-thick

slide into the filament path at a grazing angle and scanning the longitudinal fila-

ment position. The majority of the pulse energy is reflected from the surface of the

slide, allowing only a small fraction of the filament pulse energy through the plate.

Insertion of the slide into the filament path halts the filamentation process at the

surface of the glass, allowing for spectral characterization of the filament from the

transmitted portion of the pulse. No significant spectral differences were observed

when a 1-mm piece of glass was substituted for the thin slide, suggesting that, to

first approximation, any spectral contribution from self-phase modulation or optical

breakdown occurring at the surface or in the bulk of the glass can be neglected. The

pulse will be lengthened by the dispersion of the pulse in the material, but this does
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not change the spectrum. The spectra are measured more than 1 meter from the

position where the filament is interrupted, further reducing any contribution from

light scattering in the glass, which has a larger divergence than the transmitted

beam. An aperture placed in front of the detector ensures that only on-axis spectral

components are sampled.

The area-normalized filament power spectrum versus distance from the lens is

plotted in Figure 3.6 and the spectrometer-corrected filament spectrum at three rep-

resentative positions along the filament (z = 204, 221, and 250-cm) are plotted in

Figure 3.7. Because of the radial power flow that is characteristic of the filamentation

process, the trends are representative only. The pulse spectrum measured at z =204-

cm displays modest broadening compared to the initial pulse spectrum. The pulse

spectrum at z = 204-cm is, however, sufficiently broad to support the vibrational

excitation of both oxygen and nitrogen (assuming a flat spectral phase) but lacks

the frequency content needed to vibrationally excite water, regardless of the spectral

phase of the pulse. The spectrum at z =221-cm shows that rapid blue-side broad-

ening occurs after the geometric focus, followed by a plateau in the extent of the

spectral broadening at ∼600 THz that lasts for several centimeters before a second

spectral broadening event pushes the spectral edge of the pulse into the ultraviolet

(cutoff ∼900 THz). The dispersive features in the spectrum observed at ∼760 THz

in the broadest spectra in Figure 3.6 originate from emission (absorption) from N+
2

and have been discussed at length by Kosma et al.[38].

The spectral broadening observed at increasing distances in the filament is coinci-
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Figure 3.6: Plot of the filament spectrum as a function of distance from the
filament-generating lens. The pronounced spectral blue-shift with increasing distance
indicates temporal shortening of the filament pulse. The spectrometer response is
not corrected and spectral areas are normalized.
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Figure 3.7: The spectrometer-corrected, on-axis laser spectrum measured during
filamentation in air is shown for distances from the lens of: z = 204-cm (red); z =
221.2-cm (green); and z = 262.4-cm (blue), respectively. The partial spectra (purple)
correspond to the power spectra taken at 5-cm intervals approaching z = 250-cm.
The peak power of the (filament) input pulse was P = 4.75Pcrit (Pcrit = 10 GW[37])
for all measurements. Inset: comparison of the increase in the blue wing of the
filament pulse spectrum (purple) with the intensity of the water Raman peak (blue)
as a function of distance from the lens (see text for details).
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dent with the increase in the Raman amplitudes of nitrogen, oxygen, and water. The

growth of the continuum toward the end of the filament is detailed in the inset of Fig-

ure 3.7 (purple) and the integrated spectral density between 638 THz and 908 THz

is plotted against the integrated intensity of the water Raman peak (light blue). The

simultaneous increase in the spectral density of the continuum and the appearance

and growth of the water Raman line (as well as the one- and two-orders-of-magnitude

increase in the oxygen and nitrogen Raman lines, respectively) suggests that both

observations are caused by pulse shortening at the back of the pulse. The related

trends of the spectral and vibrational signatures are not surprising, as broader spec-

tral content leads to a larger number of frequency pairs fulfilling the requirement for

vibrational excitation of a given mode, provided new frequencies are generated with

the appropriate relative phase.

The spectral modulation around the fundamental wavelength (which is most

pronounced in the region between 330 and 460 THz) that accompanies the spec-

tral broadening indicates the presence of sub-structure in the temporal profile of

the pulse. Interference between spectral components in sequential sub-pulses is the

likely cause of structure in the time-averaged power spectrum, though spectral inter-

ference due to pure self-phase modulation would occur without adding sub-structures

in the temporal pulse profile. The presence of modulation in the power spectrum

highlights the necessity for interpreting the dynamics by utilizing all of the available

spectroscopic data.
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3.6 Interpretation of Results and Comparison to TG-XFROG

The process of filamentation can be interpreted in the context of the dynamic spa-

tial replenishment model proposed by Meljnek et al.[39, 40]. The dynamic spatial

replenishment model describes filamentation as an interplay between optical Kerr-

induced self-focusing and plasma-induced defocusing, leading to propagation at high

intensities over a length comparable to or greater than the Rayleigh range of the

initial beam. Self-focusing of the initial pulse leads to a rapid increase in the pulse

intensity, causing ionization of the medium. On-axis pulse energy is lost during

this process due to multi-photon absorption and ionization-induced defocusing. The

pulse energy also is replenished through self-focusing of the un-depleted background

pulse energy reservoir from the tail and spatial wings of the pulse. Subsequent work

has attributed the spectral and temporal pulse reshaping that occurs during filamen-

tation to the spatial pulse reshaping caused by the interplay between self-focusing

and defocusing[34, 35]. The spectroscopic measurements presented above bear out

the connection between pulse reshaping and pulse self-shortening outlined in those

seminal papers.

In order to make a more rigorous connection between the spectroscopic data

and accepted theoretical models, the data must be analyzed further. First, the

Raman responses were corrected for the relative concentration of each species and

the intensity of the pulse. This is done by multiplying the Raman intensities by

the square of their known concentrations in atmospheric air (∼78% nitrogen, ∼21%

88



oxygen, and ∼1% water)[25] and multiplying the data in Figure 3.5 by the mth-

root of the fluorescence profile, where m=11 corresponds to the number of photons

required to ionize nitrogen at a photon energy of hν = 1.55 eV (λ = 800 nm). Here

a lower effective intensity-dependence for populating only particular excited states

of nitrogen has been neglected, but results for a range of mth-root intensity fits show

little variation in the adjusted Raman profiles for the purpose of analysis. The results

are shown in Figure 3.8. The Fourier amplitudes calculated in this manner show that

pulse shortening occurs during filamentary propagation. The spectral features at a

given vibrational frequency correspond to the increase in the intensity of temporal

transients with durations comparable to or shorter than the vibrational mode in

question.

The first spectral feature observed as the filamentary pulse propagates is the

oxygen vibrational stretch at z = 190-cm, whose vibrational energy of 1554.7 cm−1

corresponds to a period of 21.5 fs. Spectral amplitude at the oxygen Raman fre-

quency appears at the onset of filamentation, showing that spectral broadening of

the filamentary pulse due to Kerr (space-time) focusing combined with initial plasma

formation serve to produce an initially shortened pulse[41]. This is born out in the

power spectrum of the filamentary pulse measured at z = 204-cm from the lens, which

contains sufficient spectral content to excite oxygen. The appearance of amplitude

at the frequency of the nitrogen Raman line (τvib = 14.3 fs) at z = 197-cm shows

that the initial self-focusing event leads to the generation of features on the order

of 14 fs in duration. However, as the intensity saturates due to ionization-induced
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Figure 3.8: Plot of the intensity- and concentation-corrected Raman spectra vs.
distance from the focusing lens. The colored lines correspond to the relative Fourier
amplitudes of the components exciting the oxygen (red), nitrogen (blue), and wa-
ter (light blue) vibrations. The black curve corresponds to the 11th-root fit of the
measured fluorescence intensity profile, showing the pulse intensity as a function of
propagation distance.
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defocusing at z = 201-cm, oscillatory structure appears in the Fourier amplitudes

of oxygen and nitrogen which cannot be explained by monotonic self-shortening of

the filamentary pulse. Temporal pulse splitting, or break-up (by which we mean

the nonlinearly-induced separation of the temporal intensity profile into two or more

sub-pulses), is a phenomenon that has been observed during filamentation in various

media[42, 20, 21, 43], and arises fundamentally from multi-photon absorption and

ionization in the center of the pulse that defocuses the beam[44], followed by refo-

cusing due to the optical Kerr effect, i.e. by dynamic spatial replenishment[39, 40].

This also has been called plasma-induced pulse-breaking[35, 45], which serves as a

means for nonlinear pulse compression. In condensed-phase media, the combined ac-

tion of self-focusing (self-phase modulation and self-steepening) and group-velocity

dispersion (GVD) also leads to nonlinear pulse break-up[46, 42, 47].

In the Fourier amplitudes at 21.5 fs and 14.3 fs the oscillatory motion suggests

multiple pulse structure in time that results in destructive interference of the vibra-

tional coherence. Between z = 200-cm and z = 220-cm rapid spectral broadening

to higher frequencies occurs (cf. Figures 3.6 and 3.7). At the same time, spectral

interference arises between 750 and 850 nm (350-400 THz). This evidence points

to restructuring of the pulse temporal profile, which is consistent with the dynamic

spatial replenishment model. According to the model, self-shortening caused by the

optical Kerr effect through space-time focusing would be responsible for the increase

in signal before the nonlinear focus. At the nonlinear focus (z ≈ 201-cm), it can be

inferred that pulse splitting begins to occur at the back of the pulse due to ionization
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of the medium, but self-focusing and ionization continue to shorten the back of the

leading pulse, causing the simultaneous decrease and increase in the effective Fourier

component at 21.5 fs and 14.3 fs, respectively. After the leading pulse is no longer

able to defocus the trailing edge efficiently, Kerr-induced re-focusing takes over as

the dominant mechanism and efficient pulse shortening is observed between z ≈ 230-

cm and z = 255-cm, which is evident from the smooth, several-orders-of-magnitude

increase in the the intensity of the Raman Fourier amplitudes, as well as the spec-

tral broadening from 600 THz to 900 THz. The rapid spectral blue-shift suggests

that shock formation due to self-steepening is the most significant source of pulse

shortening [48], in agreement with the comparison in Figure 3.7 (inset).

As an additional test of the interpretation of the filamentation dynamics inferred

above and of the TG-XFROG method[49] presented in the previous chapter, we

calculated the Raman amplitude of oxygen using the measured temporal pulse shapes

as a function of distance in the filament using Equation (3.2), treating the vibrational

Raman response as a damped oscillator (i.e. as treated in Equation (3.4)). The result,

shown in Figure 3.9, shows that both the TG-XFROG method and the vibrational

Raman measurements are in agreement. The calculated Raman amplitudes of oxygen

(open squares) are in agreement with the measured Raman amplitudes over the entire

length of the filament. A spline fit (smooth line) of the calculated data points shows

that the modulations in the early part of the filament are also reproduced, confirming

the effect of the pulse structure on the Raman amplitude. This comparison also

shows how measurement of the Raman spectrum, which is experimentally a simpler
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Figure 3.9: Comparison of the experimentally measured intensity-corrected Raman
amplitude of oxygen (solid red) with the calculated Raman amplitude obtained using
experimentally measured pulses retrieved from TG-XFROG measurements (open
squares); also shown is a spline fit of the calculated Raman amplitudes (smooth
red line) to show the agreement in the oscillatory structure of the measured and
calculated amplitudes.
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technique than TG-XFROG, facilitates a basic understanding of the dynamic pulse

characteristics of the filament pulse without the need for implementing a complex

pulse diagnostic. Measuring the Raman spectrum also allows for a denser sampling

of the propagation axis, which aids in following the rapid evolution of the pule shape

during filamentation.

Finally, to provide a qualitative measure of the ultimate pulse duration attained

through filamentation in air, the Raman spectrum of molecular hydrogen was mea-

sured by introducing hydrogen gas across the filament at z = 250-cm, where a

maximum in the Raman amplitudes of oxygen, nitrogen, and water is observed (Fig-

ure 3.10). The hydrogen Raman spectrum reveals impulsive excitation of rovibra-

tional transitions up to the first vibrational overtone of hydrogen. The rotational-

vibrational transitions of hydrogen can be calculated using the formula[50]:

En,J = ωe

(
n+ 1

2

)
+BeJ(J + 1)− αeJ(J + 1)

(
n+ 1

2

)
−ωexe

(
n+ 1

2

)2

−DeJ
2(J + 1)2, (3.7)

where n and J are the vibrational and rotational quantum numbers, respectively, and

the constants of the hydrogen molecule are ωe = 4401.21-cm−1, ωexe = 121.33-cm−1,

Be = 60.853-cm−1, αe = 3.062-cm−1, and De = 0.0471-cm−1 [51]. The ortho- and

para-hydrogen rotational-rotational bands at 354, 587, 813, and 1032 cm−1 are ob-

served (corresponding to the |0, 2〉 ← |0, 0〉, |0, 3〉 ← |0, 1〉, |0, 4〉 ← |0, 2〉, and

|0, 5〉 ← |0, 3〉 transitions, where |n, J〉 denotes the vibrational (n) and rotational (J )
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Figure 3.10: The Raman spectrum of molecular hydrogen measured at z = 250-
cm. (a) The Raman spectrum of the ground, first, and second vibrational states
of hydrogen. The rotational transitions of ortho- and para-hydrogen are observed,
as well as the rotational-vibrational transitions from the ground vibrational state
to the first vibrational state (a,b). Rotational transitions scattered from Raman
photons stimulated from the first vibrational state are also observed ((a),× 10000),
as evident from the data (black) and fits (red; dashed peaks and dotted combined)
using the transition energies of the rotational-vibrational and cascaded transitions
shown in (b). Inset in (a): The cascaded first vibrational and the vibrational overtone
transitions of hydrogen.
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transitions respectively) as well as the |1, 0〉 ← |0, 0〉 vibrational transition centered

at ∼4158.6 cm−1.

Impulsive excitation of the rotational and first vibrational transitions in hydrogen

by a filamentary self-shortened pulse has been observed previously using short (10

fs) driving pulses [52, 53], demonstrating pulse shortening by a factor of 1.4 from the

input pulse during filamentation in the hydrogen gas. Excitation of the vibrational

transition of hydrogen has also been observed for longer driving pulses (45 fs)[54],

showing that striking pulse shortening is achievable from longer driving pulses. Here

we observe in addition excitation of the rotation-vibration transitions above the |1, 0〉

state (including the |1, 2〉 ← |0, 0〉, |1, 3〉 ← |0, 1〉, |1, 4〉 ← |0, 2〉, and |1, 5〉 ← |0, 3〉

transitions) and also the hydrogen vibrational overtone transition (|2, 0〉 ← |0, 0〉)

at 8074 cm−1. For direct excitation, the vibrational overtone transition requires a

pulse transient on the order of (c × 807400 m−1)−1 = 4.13 fs to be excited, where c

is the speed of light, implying a 1.5-cycle pulse transient at the carrier wavelength

of 800 nm (τosc ≈ 2.67 fs). However, sequential vibrational excitation by the pump

(|1, 0〉 ← |0, 0〉 followed by |2, 0〉 ← |1, 0〉) could also excite the overtone and so

the duration of the pulse transient cannot be unambiguously determined by the

appearance of the overtone stretch. Calculating the Raman excitation of the overtone

using the TG-XFROG measurements presented in the previous chapter do show

that the overtone can be excited by the shortest pulses measured (FWHM=6.9 fs),

showing that the trailing edge of the pulse is short enough to excite the 4.13 fs

vibration.
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The simultaneous appearance of the rotational and rotational-vibrational Raman

transitions again provides strong evidence for the formation of an isolated pulse, as

does the smooth spectrum in the continuum region (cf. Figure 3.7). The cascaded

2ν01 peak generated by the interaction between the anti-Stokes pulse generated at

4158 cm−1 and the coherent vibrational wave at that frequency in the medium also

appears in the hydrogen Raman spectrum (inset, Figure 3.10). This last observa-

tion provides also a novel method for directly measuring the anharmonicity of the

hydrogen molecule, yielding from the measured data: 8316.5 - 8075.1 = 241.4 cm−1,

in good agreement with the calculated value 2ν01 − ν02 = 242.7-cm−1.

3.7 Conclusions

In this chapter the temporal dynamics of a femtosecond laser pulse undergoing fil-

amentation in air have been investigated by measuring the vibrational coherence

excited impulsively in the molecular medium by the laser pulse. In conjunction with

the filament pulse power spectrum and the fluorescence emitted from ionized and

electronically excited nitrogen, impulsive Raman spectroscopy is shown to be a pow-

erful method for studying the pulse reshaping that occurs in a laser filament at high

intensity. These quantities constitute a set of complementary measurements that

provide the means to characterize both the spatio-temporal pulse structure and the

dynamics of the filament. The combined data show that filamentary pulse shorten-

ing occurs efficiently over the length of the filament, with ionization-induced pulse

breaking allowing for the formation of a Kerr-dominated region of high intensity,
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leading to the formation of a pulse having an isolated transient on the order of 4 fs

in duration. Comparison of the intensity-corrected vibrational Raman amplitude of

oxygen as a function of propagation distance with numerical simulations of the Ra-

man amplitudes calculated using experimentally measured pulses showed that both

methods are in good agreement. The impulsive Raman and TG-XFROG methods

provide a consistent picture of the dynamics of the filaments studied here, namely

that self-focusing leads to ionization and plasma-induced pulse breaking, which fa-

cilitates re-focusing of trailing off-axis pulse energy to form an isolated pulse whose

duration is significantly shorter than the initial pulse.
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CHAPTER 4

MEASUREMENT OF ROVIBRATIONAL WAVE-PACKET
DISPERSION DURING FILAMENTATION AND APPLICATION TO

FLAME THERMOMETRY

4.1 Overview

Having presented the use of filament-assisted impulsive Raman scattering spec-

troscopy for measuring longitudinally resolved filamentation dynamics, we turn in

this chapter to its use for time-resolved spectroscopy of the impulsively vibrationally

excited medium. The rovibrational wave-packet dispersion of molecular nitrogen and

oxygen have been measured in the wake of the filamentary pulse and an analytical

expression describing the wave-packet evolution of diatomic molecules is presented.

Fitting the data with temperature as a variable parameter shows that no thermal

energy is partitioned initially into the rotational and vibrational modes of molecules

present in the medium as the filament propagates. Application of the technique

to thermometry in mixed methane-oxygen-air flames is then demonstrated, and the

possibility for standoff flame thermometry using filament-assisted impulsive Raman

spectroscopy is discussed.

The contents of this chapter have previously been published in part under the

title: “Rovibrational wave-packet dispersion during femtosecond laser filamentation
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in air”[1].

4.2 Time-Resolved Spectroscopy Using Filaments

The propagation of femtosecond laser pulses through transparent media results in

filamentation[2] when the critical power for self-focusing[3] is exceeded. Filamen-

tation is characterized by self-guided propagation over distances longer than the

Rayleigh length of the beam, as well as re-focusing of the beam, weak plasma forma-

tion, continuum generation, conical emission, and other effects[4–6]. Filamentation

sources have been used successfully for light detection and ranging (LIDAR)[7, 8],

laser-induced breakdown spectroscopy (LIBS)[9], and fluorescence spectroscopy[10,

11]. While the optical processes responsible for continuum generation[12, 13], pulse

self-compression[14–16], and generation of high laser intensity have been investigated[17,

18], the dynamics of energy partitioning into nuclear coordinates in molecules during

filamentation is of interest and has not been studied extensively. The observation of

molecular rovibrational dynamics initiated by optical filamentation[19, 20] demon-

strates the coherent nature of the excitation generated by a filament and suggests

the use of filaments for nonlinear vibrational spectroscopy. Measurements of rota-

tional quantum wakes excited by filamentation[21–23] shows that at delayed times

molecular rotations dominate propagation effects.

The process of femtosecond filamentation leads to the generation of very short

laser pulses, approaching the single-cycle regime[24–26]. Prediction[27, 28] and post-

filament characterization of pulse compression through filamentation, without addi-
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tional chirp-compensation, to pulse durations of < 8 fs have been performed[29, 16,

30–32]. This pulse duration is sufficiently short to impulsively excite any ground

state vibrations in a medium. Indeed, excitation of vibrations up to 4158.6 cm−1 has

been confirmed by the recent measurement of the impulsively excited fundamental

vibrational mode of H2 in a filament using 10 fs driving pulses[19]. Here we show

that the temporal dynamics of vibrational quantum wakes excited by a pulse that has

been self-shortened through filamentary propagation can be used to measure the en-

ergy partitioning during the excitation process. We report the measurement of the

vibrational dispersion times of molecular nitrogen and oxygen after impulsive ex-

citation using filament-assisted impulsive Raman spectroscopy. Using an analytical

model describing the short-time dynamics of the prepared rovibrational wave-packet,

the measured dispersion times reveal that the initial rovibrational temperature of the

filament is the same as the ambient temperature (∼300 K), demonstrating that no

energy is thermally partitioned initially into the rotational and vibrational modes

of the molecules in the medium. This observation suggests potential application of

filament-assisted impulsive Raman spectroscopy to flame thermometry[33], which is

demonstrated in a methane-oxygen-air flame by measuring the rovibrational temper-

ature of nitrogen and fitting using the analytical model.

4.3 Arrangement for Measuring the Rovibrational Dispersion of Air

The experimental arrangement used in these measurements is similar to that de-

scribed in detail in Chapter 3 and is shown in Figure 4.1. Briefly, a 2.5 mJ, 55 fs
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Figure 4.1: Experimental setup used to measure the rovibrational wave-packet
dispersion of air. a) beam-splitter, b) half-wave-plate, filter and BBO (6-mm- or
1-mm-long, see text), c) delay stage, d) f = 2-m lens, e) f = 0.5-m lens, f) air
flow and low vacuum to stabilize interaction region, g) 4-f filter to remove pump,
and h) spectrometer (USB2000, Ocean Optics). To reduce air turbulence, a one-inch
diameter, 0.3-m long open-ended tube precedes the overlap region (not shown).
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pulse with bandwidth centered at 800 nm is used to create a filament pump pulse (2

mJ) and a 400 nm probe pulse (1.65 µJ, 1.5 ps, 30 cm−1 FWHM bandwidth). The

probe pulse is generated by filtering the fundamental in a reflective zero-dispersion

4-f grating filter (3 nm FWHM at 800 nm), rotating the polarization with a half-

wave plate, and frequency-doubling in a 6-mm-long β-barium borate (BBO) crystal,

which further narrows the spectrum due to phase-matching restrictions. Alterna-

tively, a 1-mm-long BBO crystal can be used without the spectral filter for improved

temporal resolution. The probe pulse passes through an optical delay line and is

focused using an f = 500-mm lens at a small angle (θ = 1.5◦) with respect to the

filament. The filament is generated by focusing the 2 mJ pump into atmospheric air

with an f = 2070-mm lens. The 2-m lens is placed on a 30-cm-long translation stage

and the spatial overlap between the filament and the 400 nm beam is optimized for

maximum coherent excitation in air. Filamentation of the pump pulse is inferred

by the extended (∼65 cm) visible fluorescence (plasma) channel in air[34] and the

clean spatial mode[35] and white-light observed after the filament[2]. The interaction

region is preceded by an open-ended one-inch diameter, 30-cm-long tube to reduce

turbulence.

The Raman signal travels nearly collinearly with the 400 nm probe beam, and

the spectrum is measured after spatially filtering the probe in the Fourier plane of

a reflective 4-f zero-dispersion compressor formed using a prism and a cylindrical

mirror (f = 30-cm). Both the Stokes and anti-Stokes lines were observable with

comparable intensity and exhibited similar temporal dynamics. For simplicity we
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present only the Stokes measurements here. For single-spectrum measurements, a

positive delay (pump preceding probe) of 1-1.5 ps is introduced between the pump

and the probe to avoid cross-phase modulation of the probe pulse.

4.4 Observation of Rovibrational Wave-Packet Dispersion of Air

The stationary Raman spectrum of air is shown in Figure 4.2. The Raman spectrum

is background-free due to the non-collinear geometry of our experimental setup. The

Raman lines of oxygen and nitrogen (1554.7 cm−1 and 2330.7 cm−1, respectively)

are detected with spectral resolution dictated by the convolution of the probe pulse

bandwidth (30 cm−1) and the spectrometer resolution (18 cm−1 at 400 nm). We

assume uniform excitation of the sample in the interaction region. Theoretical and

experimental evidence of asymmetric pulse profiles and pulse splitting during and

after filamentation (cf. [36–39]) suggest that this assumption is only valid to a first

approximation, and that the pulse duration depends strongly on input parameters

and probe position along the filament length. The spectrum was recorded at a pos-

itive delay, where there is no temporal overlap between the pulses. The lack of

temporal overlap indicates impulsive excitation within the filament and shows that

the response is not a result of spectral overlap between appropriately spaced spec-

tral components of the pump and probe beams. This implies self-compression of the

filament excitation pulse to less than 14.3 fs (the vibrational period of nitrogen) in

ambient air, and supports our assumption of uniform impulsive excitation for the

present experiment. This excitation mechanism is consistent with other four-wave
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Figure 4.2: The vibrational Raman spectrum of oxygen and nitrogen in air. The
sample was impulsively excited using a filament and probed using a 1.5 ps, 400
nm probe beam delayed by 1.5 ps with respect to the filamentary pulse. Inset:
the rotational-vibrational Raman spectrum of H2 measured by flowing hydrogen gas
through the interaction region.
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mixing spectroscopic techniques such as CARS[40]. A rovibrational wave-packet is

prepared by impulsive stimulated Raman scattering of the filamentary pulse. The

subsequent wave-packet evolution is measured through interference of the probe pulse

with the wave-packet, which produces sidebands at ωpr ± ωvib. In air three distinct

rovibrational transitions are observed at 1554.7 cm−1, 2330.7 cm−1, and 3657 cm−1,

corresponding to the fundamental transitions of oxygen, nitrogen, and water, re-

spectively. The dispersion of the rovibrational wave-packets excited in air is shown

in Figure 4.3. When the pump and probe pulses are overlapped in the medium,

cross-phase modulation between the pump and probe pulses gives rise to a non-

resonant signal that can be observed in the time-resolved rovibrational wave-packet

measurements. The degree of spectral broadening of the probe pulse due to cross-

phase modulation is related to the slope of the intensity profile of the pump pulse

(φNL ∝ −dI(t)/dt)[40], and the non-resonant signal at a frequency coincident with

a given Raman transition depends on the strength of the cross-phase modulation.

At longer delay times the non-resonant signal does not contribute, and the signal

reflects the pure frequency-spread dephasing of the wave-packet convoluted with the

probe pulse intensity profile. The intensities of the oxygen, nitrogen, and water rovi-

brational wave-packets drops to 1/e∼37% of the original intensity in 2.6 ps, 3.9 ps,

and 1.1 ps, respectively. As will be seen, this can be attributed to the dispersion of

the coherence due to the excitation of a superposition of rovibrational states.

During impulsive excitation, all thermally populated rovibrational states of ni-

trogen and oxygen having vibrational periods longer than the pulse duration or tem-
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Figure 4.3: Rovibrational wave-packets of nitrogen (blue), oxygen (red), and water
(light blue) measured as a function of pump-probe time delay. The data for water
was measured in a separate experiment from the oxygen and nitrogen.
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poral sub-structure contained in the pulse are excited. Filamentation results from a

dynamic interplay between several nonlinear effects, including self-steepening, space-

time focusing, group-velocity dispersion, and plasma generation, which collectively

result in the generation of a significantly shortened pulse capable of impulsively driv-

ing the Raman response (cf.[6, 5]). A coherent rovibrational Raman transition will

occur whenever two frequencies with spacing ∆E equal to a rovibrational transition

arrive simultaneously in the sample. Subsequent interference between the coherent

vibration and the macroscopic polarization imposed on the medium by the picosec-

ond Raman probe generates Raman sidebands.

Experiments in a hollow-waveguide[41] suggest that partial pulse shortening be-

low the vibrational period is a sufficient condition for impulsive vibrational excitation

to occur. In those experiments partial pulse compression to below the vibrational

frequencies of nitrogen and carbon dioxide was attributed to self-steepening of the

pulse in the waveguide driven by the high-intensity interaction between the pulse and

the medium. To test whether a similar mechanism comes into play for a self-guided

pulse in air, we investigated the generation of Raman sidebands at input powers

smaller than the critical power for self-focusing, thus eliminating broad bandwidth

generation, self-steepening, and self-compression[5, 4, 6]. At intensities below the

critical power, diffraction effects exceed Kerr lensing and no filamentation occurs.

The critical power for self-focusing is given by Pcrit = 3.77λ2
0/8πn0n2, where λ0 is

the laser wavelength, n0 is the linear index of refraction, and n2 is the second-order,

intensity-dependent index of refraction for the material[3]. In air, at standard tem-
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perature and pressure, the critical power is taken as 10 GW[42]; below this value no

detectable Raman gain is observed, confirming that coherent vibrational excitation

of oxygen, nitrogen, and water does not occur in the absence of filamentation for the

input pulses used here.

The time-dependence of the Raman response of a sample is a function of the rovi-

brational structure of the constituent molecules and the temperature of the system.

The initial thermal population of the rovibrational states of the system influences the

final population of rovibrational states achieved by excited with a laser pulse, which

in turn determines the temporal propagation of the coherent wave-packet[43, 44].

The time-dependence can be used to study the dynamics in a medium after excita-

tion, in this case caused by filamentation, and thus can be used to determine energy

partitioning into vibrational modes during the filamentation process. As pointed out

previously[45, 46], the vibrations of the excited rovibrational states will initially be

in phase, but will destructively interfere as time proceeds (dispersion) due to the

differences in spacing between rovibrational energy levels in an anharmonic poten-

tial well. The dispersion of rovibrational coherence in the sample is manifested as a

decrease in the signal intensity as a function of pump-probe time delay.

Near-collinear pump-probe measurements show that the rotational wave-packet

excited in the wake of the filament dominates the vibrational Raman spectrum at

times corresponding to fractional revivals of the rotational coherence[47, 23](Figure

4.4). The modulations induced on the probe beam at the times of the rotational

revivals complicate the assignment of the vibrational dephasing time. Increasing the
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Figure 4.4: Rovibrational wave-packet dispersion of nitrogen in a near-collinear
geometry. Periodic revivals of the rotational wave-packet result in deep modulations
in the nitrogen Raman line (top graph).
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crossing angle of the probe beam and the filament reduces the rotational contribution

because of spatial averaging and decreases the accumulated nonlinear phase because

of the reduced length of interaction between the beams.

The two major causes for the dispersion of the wave-packet are the anharmonicity

of the molecular potential energy surface and the rotation-vibration coupling. The

former reduces vibrational level spacing with increasing vibrational level, n, and

the latter decreases the rovibrational level spacing with increasing n, as shown in

Figure 4.5. The short duration of the filament pulse leads to impulsive Raman

excitation of all thermally populated rovibrational states, which leads to wave-packet

dispersion if the oscillators have different frequencies due to anharmonicity and/or

rotation-vibration coupling. A rotational wave-packet is also created as a result of

the redistribution of the rotational population due to Raman excitation. We test

this hypothesis by comparing the observed decay with that predicted by a simple

model that includes first-order corrections for anharmonicity and rotation-vibration

coupling, En,J = ~ωe(n + 1/2) − ~ωexe(n + 1/2)2 + (Be − αen)J(J + 1), where ωe

is the vibrational mode frequency, ωexe is the anharmonicity parameter, Be is the

rotational constant, and αe is the rotation-vibration coupling parameter. Restricting

ourselves to the Q branch, the impulsive Raman excitation of the system induces all

possible inter-level transitions with ∆n = 1 and ∆J = 0 or 2, thus creating a time-

dependent polarization of the medium whose evolution is determined by oscillations
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Figure 4.5: Illustration of the energy levels of nitrogen showing the effect of anhar-
monicity on the vibrational level spacing. The excitation of the thermally populated
rotational-vibrational states by the filamentary pulse (expanded) leads to dispersion
of the wave-packet.
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at frequencies, ωn,J = ωe − 2ωexe(n+ 1)− (αe/~)J(J + 1):

P (t) =
∑
n,J

An,J(t) cos[ωn,Jt] = Re
{∑

n,J

An,J(T )exp[iωn,Jt]
}
, (4.1)

where the temperature-dependent amplitudes, An,J(T ), are determined by the initial

thermal-equilibrium populations of the J-th sublevel of the n-th vibrational manifold.

Nuclear spin must also be taken into account in determining the initial rotational

populations. For a homonuclear diatomic molecule with zero nuclear spin (such as

oxygen) only odd-numbered J-states will be populated. For symmetric diatomic

molecules with non-zero nuclear spins, the populations of even and add J-states

depends on the value of the angular momentum. In the case of nitrogen, the angular

momentum is I = 1 and the ratio of even- to odd-level populations is 2:1[48]. Over

a wide range of temperatures, the double inequality, Be � kT � ~ωe, holds, which

allows effective decoupling of the summations over n and over J , extending the upper

limit of the n sum to infinity and replacing the J sum with an integral. Actually,

at room temperature, there is very little population above the ground-vibrational-

state manifold and within this manifold the rotations to approximately J = 20

are populated [49]. In this limit, the polarization emerges as oscillations with the

frequency ωe, modified by the temperature-dependent envelope:

P (t) ∼ Re{
exp[it(ωe − 2ωexe)][2exp2Be

kT
+ exp

(
−i2αe

~ t
)
](2Be

kT
+ i2αe

~ t
)

[exp
(~ωe
kT

)
− exp(−2iωexet)]

}. (4.2)

Upon interaction with the probe pulse of duration ρ � 1/ωe, these polarization
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oscillations result in a Raman signal whose intensity depends on the pump-probe

time-delay, td. In particular, the evolution of the Stokes signal intensity is found as,

Is(td) ∼
[
exp

(2Be
kT

)
+ 1

2

]
− sin2 (αe

~ td
)[

1 +
(
αeT
Be~ td

)2
] [

sinh2 ( ~ωe
2kT

)
+ sin2(ωexetd)

] . (4.3)

The signal decay is determined mainly by the first factor in the denominator, aris-

ing from rotation-vibration coupling. The vibrational anharmonicity is found in the

second factor in the denominator and results in oscillatory modulation of the sig-

nal with the characteristic frequency, 2ωexe. At room temperature the modulation

depth, [sinh(~ωe/2kT )]2, is limited to ∼1%, and will be more pronounced at ele-

vated temperatures. We have neglected the effect of collisional dephasing in our

derivation, which is justified by the short time scale over which our measurements

are concerned (over which the equations derived above are valid). Collisional de-

phasing must be taken into account when making measurements of the rotational

wave-packet re-phasing, which occurs on a longer time scale than measured here, or

at higher (lower) pressures[50–53].

The intensity, Is(td), is plotted in Figure 4.6 for nitrogen and oxygen at 300

K. This temperature fits the data well, suggesting that the room temperature air

acquires very little vibrational excitation during the filamentation process. This

is reasonable, given that the time required for plasma electrons to transfer energy

to vibrational modes is much longer than the measured ps dispersion time[54]. It

would be possible to measure the temperature of the system over longer time scales
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Figure 4.6: The time-dependence of the normalized rovibrational wave-packets of
nitrogen and oxygen. Theoretical fits for nitrogen (blue) and oxygen (red) for 300 K
are also shown. Inset: A comparison of experimental measurements of the nitrogen
rovibrational line in air (room temperature) and in an oxygen rich methane-oxygen-
air flame. The data in the inset are modeled using fits for 300 K and 3000 K,
respectively. The dashed lines (inset) show calculations for the nitrogen wave-packet
dispersion for 300± 50 K
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by using a secondary filament to impulsively excite vibrations long after the initial

filament creates a plasma. The 3.9 ps dispersion time for N2 is also in good agreement

with previous CARS measurements at room temperature[44, 45], where full quantum

treatment was used to model the measurements. The agreement between the CARS

and impulsive Raman measurements suggests that the temperature of a gas can

be measured using this two beam spectroscopic method, potentially simplifying the

usual three-beam BOXCARS arrangement. Our measurements reveal a dispersion

time of 2.8 ps for oxygen, which is shorter than that measured for N2. The difference

in dispersion time between N2 and O2 reflects the difference in the rovibrational

structure of the two molecules. Note that the O2 measurement also is fit well using

a temperature of 300 K.

Rovibrational wave-packet dispersion has been used for flame thermometry using

femtosecond CARS[33, 55]. To test the utility of the filament-based impulsive Ra-

man spectroscopy method as a means to determine temperature, we measured the

wave-packet dispersion of the N2 Raman peak in an oxygen-enriched methane flame

above a flat burner. The dispersion measurement is shown in the inset to Figure 4.6.

The Stokes signal intensity, IS(t), is plotted for a temperature of 3000 K, which is

reasonable given that the adiabatic temperature of a methane-oxygen flame is 2916

K. The model reproduces the modulations observed at high temperatures as well.

The actual flame temperature will be lower than 2916 K because of the presence of

air (the measurement is done on the nitrogen vibrational line, i.e. air is present).

The adiabatic flame temperature for a methane-air flame is considerably lower (1950
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K). For a more precise assessment of the flame temperature, Figure 4.7 shows the

high temperature nitrogen data with fits from theory for multiple temperatures. The

upper and lower temperature spread can be inferred from these fits, suggesting that

the actual temperature is closer to between 2400 K and 2700 K, which is feasible

considering the adiabatic flame temperatures of the mixtures mentioned above. In-

terpretation of the data is complicated by the fact that the signal-to-noise ratio of

the measurement is low, suggesting that additional averaging of the signal would

lead to a more precisely defined temperature assessment. This method could also be

used in a single-shot geometry[56] by chirping a femtosecond probe pulse instead of

using a narrowband pulse, thereby encoding the time-dependent Raman response as

a function of probe frequency.

One advantage that filament-assisted spectroscopy offers is the potential for

standoff detection and characterization due to the high energy confinement over long

propagation distances. Thermometry in difficult to access locations or potentially

dangerous environments could be achieved remotely using filamentation as an excita-

tion source. Most conventional ultrafast spectroscopic methods [33, 56, 55, 57] offer

high accuracy at close range, whereas laser-based methods for remote temperature

sensing in flames are lacking.

4.5 Conclusions

Measurement of the rovibrational dispersion time of an impulsively excited wave-

packet can be used to determine the rovibrational temperature in a filament. For a
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Figure 4.7: Average (black) and line-out (grey) of the nitrogen Raman line mea-
sured in a methane-oxygen-air flame. Fits for different temperatures are shown in
color. Upper and lower limits of the actual temperature are approximately 2700 K
and 2400 K, respectively.
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filament formed with a 2 mJ, 800 nm, 55 fs laser pulse, we find that the initial rovibra-

tional temperature is 300 K. Time-dependent measurements in microplasmas reveal

that the electronic temperature decreases on a timescale of hundreds of picoseconds,

which may result in subsequent vibrational excitation at timescales longer than those

measured here[54]. The self-compression of a pulse undergoing filamentation in air is

directly measured by performing filament-assisted impulsive Raman spectroscopy on

nitrogen, oxygen and hydrogen in the filament plasma channel. These measurements

demonstrate self-compressed temporal features at least as short as 8 fs in air. Finally,

application of the method to flame thermometry is presented, which shows the po-

tential for standoff thermometry using femtosecond laser filaments as an excitation

sources.
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CHAPTER 5

APPLICATIONS OF FILAMENT-ASSISTED IMPULSIVE
STIMULATED RAMAN SPECTROSCOPY

5.1 Overview

In this chapter we develop further applications of filamentation-assisted impulsive

stimulated Raman scattering spectroscopy by demonstrating vibrational Raman spec-

troscopy of a variety of organic and inorganic molecules in the gas phase. Spec-

troscopy is performed using a femtosecond laser pulse undergoing filamentation as

an impulsive excitation source. The molecular coherence by the filamentary pulse

is subsequently probed using a narrowband, sub-picosecond laser pulse to generate

Raman sidebands characteristic of the species under interrogation. Pulse shortening

with concomitant spectral broadening during filamentation results in a pulse that

is both sufficiently short and of sufficient spectral power density to impulsively ex-

cite the highest energy ground state vibrations (i.e. up to the hydrogen vibrational

stretch at 4158 cm−1), making filament-assisted Raman spectroscopy a promising

method for universal Raman detection. Gas phase detection of chloroform, methy-

lene chloride, cyclohexane, toluene, pentane, triethylamine, ammonia, nitromethane,

and gasoline is performed. Application of filament-assisted Raman spectroscopy to
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remote detection is discussed.

The contents of this chapter have previously been published in part under the

title: “Filament-based impulsive Raman spectroscopy”[1].

5.2 Coherent Vibrational Spectroscopy for Standoff Detection

Stand-off detection of molecules in the gas phase is challenging[2–4]. For Raman

spectroscopy, the low scattering cross-section (on the order of ∼10−30 cm2), the

low density of molecules in the gas phase (1019 cm−3, in comparison with the solid

or liquid state density of 1022 cm−3), and the isotropic spatial distribution of the

scattered light make spontaneous Raman spectroscopy difficult to perform under

atmospheric pressure conditions. Coherent, nonlinear laser spectroscopy can increase

the scattering efficiency up to 5 orders of magnitude[5], because the signal scales as

the square of the number of coherent oscillators in a sample rather than linearly, as is

the case for an ensemble of incoherent oscillators[6]. In addition, the direction of the

coherent Raman signal is defined by the phase-matching condition[6], allowing for

higher signal collection efficiencies. Previous studies of coherent Raman spectroscopy

in the condensed phase (cf. [7–11]) have paved the way for gas-phase stand-off Raman

spectroscopy.

Significant strides have been made toward stand-off detection using coherent Ra-

man spectroscopy[12–15] but diffraction in the transverse plane limits the maximum

intensity that a weak (i.e. linearly propagating) laser beam can achieve at a given

distance. Additionally, tunable narrowband or extremely broadband pulses are nec-
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essary for detection over a wide vibrational window, requiring experimental com-

ponents such as optical parametric amplifiers (OPA) or hollow-core fibers (HCF) to

generate the necessary tunability or bandwidth. A means for chirp pre-compensation

also is required in the latter example to produce a temporally short pulse at the tar-

get location. The efficiency of OPA and HCF systems also results in a pulse with

significantly less energy than the input, further reducing the maximum intensity at

the detection point for long distances. Here we discuss a new method that circum-

vents the problem of geometric focusing, as well as the complications that arise due

to the necessity of generating the sufficiently broad spectral bandwidth needed for

detection of the entire vibrational spectrum.

Filament-assisted impulsive stimulated Raman spectroscopy makes use of the

intrinsic pulse shortening that occurs during filamentation to impulsively excite

the vibrations of molecules in the propagation medium. Impulsive stimulated Ra-

man scattering (ISRS) employs a laser pulse shorter than the vibrational period(s)

of the molecule(s) under interrogation (τlaser < τvib) to create a time-dependent

change in the polarizability of the sample that oscillates at the vibrational frequency,

1/τvib[16, 17]. In principle, ISRS can be used to measure the entire Raman spectrum

of arbitrarily complex molecules in a single laser shot. The essential requirement

for the pump pulse is that its duration must be shorter than the vibrational period

of the highest energy vibrational mode present in the molecule. For the purpose of

molecular detection and identification, the “entire” Raman spectrum constitutes the

ground-electronic state vibrational spectrum (between 0 and ∼4000 cm−1). We note
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that the corresponding maximum pulse duration spanning 4000 cm−1 of bandwidth

(base-to-base) is roughly 8.3 fs, a pulse duration which still requires considerable

effort to generate with conventional methods (i.e. OPA or HCF). After excitation of

the medium by the pump pulse, a second, time-delayed laser pulse (having a center

frequency at ωpr) traversing the coherently excited medium will interfere to produce

sidebands at the Stokes (ωpr − ωvib) and anti-Stokes (ωpr + ωvib) frequencies if the

pulse is long compared with the vibrational period (τpr � τvib) and the time delay

between the pump and probe pulses, τ , is shorter than the dephasing time of the

vibration. Impulsive excitation requires only that the pump pulse contain features

shorter than the vibrational period that do not destructively interfere over the total

duration of the pulse as, for example, with displacive ISRS[18].

The high energy density in a filament and the pulse shortening are particularly

advantageous when considering the application of coherent Raman spectroscopy to

stand-off detection scenarios. Recently, filamentation has been used for time-resolved

vibrational Raman spectroscopy of several pure molecular gases[19–21]. Calegari et

al. used filamentation in an argon gas cell to produce a white-light continuum that

was subsequently compressed to 10 fs with chirped mirrors and used for ISRS in a

second gas cell. The observation of the hydrogen vibration at ∼4155 cm−1(τvib ∼8fs)

revealed the occurrence of pulse shortening in the second cell, facilitating vibrational

excitation. Here we expand on our previous work using relatively long (∼50 fs)

driving pulses self shortened in air[21, 22] coupled with narrowband (∼25 cm−1)

detection to demonstrate filament-assisted Raman spectroscopy in several organic
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solvents, solvent mixtures, and fuels.

5.3 Arrangement for Filament-Assisted Spectroscopy of Gas Phase

Samples

The general experimental setup was described in detail in chapter 3. The 2 mJ

pump pulse was loosely focused into atmospheric air using an f = 2070-mm lens,

generating a visible filamentation column extending over ∼65 cm and having two

focusing cycles. The filament was optimized for maximum spectral broadening by

an aperture (before the 2-m lens) and by changing the chirp of the laser pulse in the

amplifier compressor. After filamentation, the pump spectrum was broadened from

a bandwidth of 800 cm−1 at 800 nm (base-to-base) to a bandwidth of over 20,000

cm−1, with colors extending from 330 nm to 920 nm.

Spectral filtering in the Fourier plane of a zero-dispersion, folded 4-f stretcher

comprised of a grating, cylindrical mirror, and slit generated the longer duration

probe pulse. The probe pulse polarization was then rotated and the beam was

focused using a f = 50-cm lens into the filament channel at a small angle (< 1.3◦)

with respect to the filament axis. The slit width in the filter was variable with a

typical spectral width of 23 cm−1, corresponding to a Fourier transform-limited pulse

duration of 640 fs. The probe pulse energy was 12± 2 µJ under these conditions.

The temporal delay between the pump and probe beams was controlled by a

delay stage in the probe beam path and the spatial overlap between the filament

and the probe beams was controlled by adjusting the transverse and longitudinal
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positions of the 2-m lens. The 2-m lens was mounted on a 30-cm long translation

stage and could be moved on the table to provide a total translation range of 100

cm. The pump-probe time delay was fixed at +770 fs (pump preceding probe) to

minimize cross-phase modulation between the probe beam and the intense pump

while maximizing the signal from the impulsively excited molecular coherence. The

optimum position in the laser filament (the distance from the 2-m lens) for Raman

spectroscopy was determined by maximizing the intensity of the ambient water O-H

vibrational stretching mode at 3657.1 cm−1, which is the highest energy vibration

observed under ambient conditions. The highest signal intensity for this mode was

observed ∼250 cm from the 2-m lens. The fact that the highest signal intensity was

measured 50 cm after the geometric focus of the lens is attributed to the nonlinear

propagation of the pump pulse during filamentation. After the pump-probe overlap

in the sample, the probe pulse was filtered using a second 4-f filter to remove the

fundamental probe wavelength then focused into a spectrometer (USB4000, Ocean

Optics). Note that a small blue-shifted spectrometer artifact was created for each

feature in the spectrum (for example at 2420 cm−1 in Figure 5.1 for the nitrogen line

at 2342 cm−1). This effect is most notably detected in conjunction with peaks close

to the saturation level of the CCD array. Spatially filtering a given “real” Raman

feature in the Fourier plane of the second 4-f filter with a razor blade removed the

artifact from the spectrum, confirming that it originates in the spectrometer rather

than from the Raman response of the sample. Both CSRS and CARS signals were

observable in our experiments, but only the anti-Stokes spectrum is considered here.
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Vapor phase samples were prepared by passing an inert gas (argon) through a

flask of the liquid sample to be measured. The entrained vapor was then transported

to the interaction region enclosed by a two-inch long hollow metal tee having a 5

mm diameter. After passing through the interaction region, the sample was removed

via low vacuum exhaust to maintain a steady flow of analyte through the interaction

region.

5.4 Characterization and Evaluation of Filament-Assisted Raman

Spectroscopy

The Raman spectra of air and hydrogen are shown in Figure 5.1. The spectra

are virtually background free due to the non-collinear geometry employed in the

experiment, as well as the cross-polarization of the pump and probe pulses. While it

was impractical to vary the pump intensity in the overlap region (as this would change

the filament pulse characteristics) we measured the Raman intensities of nitrogen and

oxygen as a function of probe energy. For an impulsively excited medium, the signal

should vary linearly with probe energy in the low-intensity regime. At higher probe

intensities, we expect that stimulated Raman scattering would result in nonlinear

Raman gain as a function of probe pulse energy. The stimulated Raman process

is seeded by the Stokes/anti-Stokes photons arising from the interference between

the probe beam and the impulsively created coherence. Figure 5.1c shows a linear

increase in signal intensity with probe energy, demonstrating that our measurements

are made in the low-intensity regime and that the Raman signals can be treated as
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Figure 5.1: The Raman spectra of (a) air and (b) hydrogen measured using
filament-assisted Raman spectroscopy. The peaks at 1558.7, 2333.3, and 3656 cm−1

in (a) correspond to the O2, N2, and H2O vibrational Raman lines, respectively.
The water Raman line was measured separately from oxygen and nitrogen without
neutral density filters. The peaks at 354.3, 586.7, 813.6, 1024, and 4155 cm−1 in
(b) correspond to the rotational and vibrational (last) Raman lines of hydrogen.
(c) The relative Raman peak intensities of nitrogen (blue squares) and oxygen (red
circles) as a function of probe intensity. Dotted lines show linear regressions of the
respective data points. (d) Cross-correlation of pump and probe pulses (nonreso-
nant background) showing a sinc-squared probe temporal profile with a full-width
at half-maximum duration of 0.66 ps. 137



resulting purely from impulsive excitation. To gain further insight into the generation

of the observed Raman spectrum we also show the filament-probe cross-correlation in

Figure 5.1d. The filament pulse duration can be considered to be much shorter than

the probe duration (τfil < τlaser(∼50fs) � τprobe(∼1 ps)), so the cross-correlation is

taken to be a good approximation of the probe pulse temporal profile. As expected

from the method of filtering (a hard-edged slit in a zero-dispersion 4-f compressor),

the probe pulse has a Bartlett (sinc-squared) temporal profile. The full-width at half

maximum pulse duration of 660 fs is close to the expected pulse duration for the

spectral bandwidth.

To avoid loss of signal due to the frequency-spread dephasing[23] arising from

destructive interference at longer time delays between the multitude of rovibrational

levels excited, the probe pulse should be as close in time as possible to the impulsive

pump pulse. Dephasing can occur rapidly (∼3-4 ps for oxygen and nitrogen in air,

respectively)[21] and happens on different time scales for different vibrational modes.

As a result, measuring at long delay times will lead to variation in the relative peak

intensities for modes with different dephasing rates, as well as a decrease in the total

signal intensity. For instance, using Equation 3.3, which describes the rovibrational

wave-packet dispersion of homonuclear diatomics, the nitrogen/oxygen ratio may be

calculated as a function of pump-probe time delay. The result is shown in Figure

5.2.

An additional consideration that must be made is that temporal overlap between

the pump and probe pulses leads to cross-phase modulation. Cross-phase modula-
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Figure 5.2: Calculated time-dependent nitogen/oxygen ratio for T = 300 K, which
shows that pump-probe delay must be taken into account when comparing Raman
line intensities measured in an impulsive pump/narrowband probe configuration at
stationary delays. The initial amplitudes of the nitrogen (blue curve) and oxygen
(red curve) are taken from data. The black curve represents the ratio, shown on the
right vertical axis.
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tion can be avoided by delaying the probe pulse to perform truly background-free

measurements. In order to balance these needs in our current experimental configu-

ration, we have set the delay between the impulsive pump and the probe to coincide

with the minimum between the central peak in the probe temporal profile and the

nearest satellite pulse (a result of the Bartlett profile). Since the probe pulse spec-

trum is not perfectly rectangular, the temporal intensity does not go to zero at the

minimum (as it would for an ideal Bartlett profile), resulting in a coherent back-

ground that is superimposed on the Raman spectrum. This could be a potential

advantage, however, as the cross-phase modulation-induced background can act as a

local oscillator and heterodyne the impulsive Raman signal[24], which can increase

the sensitivity. Heterodyning the signal gives rise to dispersive features because of

the pi phase shift upon transiting the resonant frequency. Thus, the resonant signal

adds constructively and then destructively to the positive phase of the nonresonant

background. The interference between the resonant and nonresonant radiation is

particularly evident in the toluene spectrum shown in Figure 5.3e, which displays

dispersive features. Such heterodyning has been used in a time-resolved CARS ex-

periment in methanol[11].

The filament-assisted spectroscopy method was evaluated on a number of sam-

ples to investigate the impulsive Raman response of a variety of functional groups

and over a range of vibrational frequencies. Figure 5.3 shows the Raman spectra

of chloroform, methylene chloride, cyclohexane, toluene, and pentane. The vapor

phase molecules represent the isolated species, resulting in line intensities differing
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Figure 5.3: Raman spectra of (a) chloroform, (b) methylene chloride, (c)
chloroform-methylene chloride mixture (black curve, chloroform (red) and methy-
lene chloride (blue) spectra are also shown), (d) cyclohexane, (e) toluene, and (f)
pentane measured with filament-assisted Raman spectroscopy (d-f are plotted in
logarithmic scale). The lines in (f) at ∼1556 cm−1 and ∼2331 cm−1 are from oxygen
and nitrogen due to incomplete saturation of the detection region with argon and
pentane vapor. Nonresonant background due to cross-phase modulation of the fila-
ment and probe pulses results in the slow modulations in the baseline of the spectra
to varying degrees, depending on sample nonlinearity.
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from Raman spectra measured in liquid or solid samples. The Raman spectra of

chloroform and methylene chloride (Figure 5.3a and 5.3b, respectively) illustrate the

low background level and high signal to noise achievable over the entire spectral

range of the measurement. The 252 cm−1 mode of chloroform and the 283 cm−1

mode of methylene chloride have signal-to-noise ratios of 18 and 156, respectively,

making them easily discernable from the cross-phase modulation background in this

region. The low intensity of the C-H stretch modes of chloroform and methylene

chloride, observed at 3043 cm−1 and 3010 cm−1, respectively, is attributed to the

insufficient spectral power density of the exciting pulse at the frequency of the mode.

However, even under such non-ideal conditions the modes are clearly resolved with a

signal-to-noise ratios of 12.9 and 7.3 for chloroform and methylene chloride, respec-

tively, and have sufficient intensity to be used for characterizing the C-H stretch.

We also measured a binary solution of chloroform and methylene chloride to see how

easily the two species can be discriminated. Distinguishing between chloroform and

methylene chloride in a binary solution (Figure 5.3c) is easily accomplished with the

spectral resolution used here, and the relative concentrations can be calculated in a

straightforward manner given the relevant molecular constants. The filament-driven

impulsive Raman spectrum for cyclohexane is shown in Figure 5.3d. Consistent with

previous measurements of the gas phase Raman spectrum[25], the C-C and C-H

stretches have strong signal, while the intermediate peaks are smaller in comparison

with the liquid Raman spectrum. The most intense Raman lines at 808 cm−1, 2878

cm−1, and 2958 cm−1 are clearly observable, while the intermediate modes between
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1000 and 1500 cm−1 are not observed in the present work due to the fourth-order de-

pendence of the Raman signal on the polarizability. Given the lower intensity Raman

response for these modes in the spontaneous Raman spectrum, we expect a quadratic

reduction in the coherently-excited Raman signal intensity of these modes compared

with the most intense Raman line in the spectrum. Unlike conventional (sponta-

neous) Raman spectroscopy, impulsive Raman spectroscopy produces a signal that

is proportional to the fourth power of the polarizability[26] for the transition being

measured. This can be seen directly by comparing the fourth-root of the intensities

of the hydrogen rotational Raman lines and the hydrogen Q-branch rovibrational

transitions with the populations of the rotational states from which the respective

transitions occur at room temperature (Figure 5.4). The deviation in the amplitudes

of the measured rotational transitions from the population amplitudes is attributed

to differences in the excitation efficiency of the modes due to the pump pulse shape.

In contrast to the rotation-rotation Raman spectra, the relative contributions of the

rotational states to the rovibrational Q-branch transitions shown in Figure 5.4b are

linear with respect to population because ∆J = 0. However, the total vibrational

amplitude will scale as the fourth power of the intensity relative to other vibrational

transitions. This scaling results in spectral intensities proportional to the square of

the spontaneous Raman intensities.

The Raman spectra of toluene and pentane are displayed in Figure 5.3e and f,

respectively. These are representative of a class of molecules commonly found in var-

ious fuels. The resolution in the pentane and toluene spectra is sufficient to assign
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Figure 5.4: (a) Comparison of the calculated[27] rotational state populations of
the first five rotational states of hydrogen (dashed curve, blue circles) at 300 K and
the fourth-root of the measured hydrogen rotational Raman spectrum (arbitrary
amplitude, axis not shown). (b) Fit (grey dashed line) of the measured (black circles;
spline fit, red line) hydrogen Q-branch obtained by modeling the Q-branch line shape
as a series of Gaussians whose center frequencies correspond to the |1, J〉 ← |0, J〉
transitions for J = 1 to 5 with ∆J = 0. The narrow (dashed) peaks show the central
positions of the broad peaks used in the fit.
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all of the Raman-active molecular modes in the ground state vibrational spectrum

and thus enable identification. The Raman peaks from air (oxygen and nitrogen at

1556 cm−1 and 2331 cm−1, respectively) are visible in the pentane due to incomplete

filling of the sample region with the organic vapor and the inert carrier gas (argon).

The spectra shown in Figure 5.3d-f are plotted logarithmically to accommodate the

dynamic range of the signal intensities measured. This also clearly shows the contri-

bution of the cross-phase modulation background due to overlap between the pump

and the wings of the probe pulse. This effect is small under present experimen-

tal conditions, but could in principle be used to advantage in detecting very low

intensity modes by decreasing the pump-probe delay, at the expense of convenient

determination of line positions in the longer delay configuration.

We investigated several nitrogen containing organic/inorganic vapors, ethanol,

and a commercial fuel mixture in order to evaluate filament-induced impulsive Ra-

man scattering as a means to detect potential signatures for explosive materials. The

Raman spectra of triethylamine, ammonia, nitromethane, ethanol, and gasoline are

shown in Figure 5.5. We observe from our data that organic compounds at high con-

centrations (saturated or near-saturated vapors), particularly those shown in Figure

5.5a, c, d, and e, induce strong cross-phase modulation in the probe beam spectrum

(note the intense, modulated background between 0 and 1500 cm−1 in Figure 5.5a, c,

d, and e) due to the increased number of electrons that are easily polarized in these

compounds. However, even at the maximum vapor concentrations achievable here,

the Raman transitions are still clearly resolved, as is apparent from the observed
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Figure 5.5: Raman spectra of (a) triethylamine, (b) ammonia gas, (c) nitromethane,
(d) ethanol, and (e) gasoline measured using filament-assisted Raman spectroscopy.
The feature at ∼3657 cm−1 in the gasoline spectrum is water, likely present due to
the long exposure of the gasoline to humid air in the laboratory. Toluene is also
present in larger-than-expected quantities, probably due to residual toluene in the
apparatus from previous samples.
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spectra.

These results show promise for application of our technique to remote detection

of such signatures. In a proof-of-principle experiment for standoff Raman excita-

tion using laser filaments, impulsive Raman spectroscopy was performed by using

(in separate experiments) two different lenses having focal lengths of 5- and 10-m

to generate filaments. A 30-cm open flow cell was placed 7 and 13 meters from

the focusing lenses in the two experiments, respectively, and commercial gasoline

was vaporized and introduced into the cell at a constant flow rate. Detection was

performed after the pump-probe interaction in the flow cell. Because of the intense

Raman response of oxygen and nitrogen, the C-H stretch region of the Raman spec-

trum was probed (>2500 cm−1) in this case. The results are shown in Figure 5.6,

for measurements made with the 5-m (a) and the 10-m (b) lenses. Due to the longer

interaction distances and the absence of a long tube to protect the filamentation

region from air currents, the generated filaments were observed to be less stable in

these measurements. This is in part due to the lack of input power needed to sustain

filamentation over longer distances in the present experiment. However, the signal

from gasoline around 2900-3000 cm−1 is clearly visible in both the 5- and 10-m fil-

ament spectra. The water Raman peak is also measured in this spectrum, which

can be used to estimate the concentration of gasoline in the interaction region, pro-

vided the ambient humidity and the Raman activity of the relevant peaks is known.

Cascaded Raman signals originating from Raman scattering off of the intense Ra-

man sidebands generated through stimulated Raman scattering of the probe pulse
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Figure 5.6: The Raman spectra of gasoline in air in the C-H stretch region of
the spectrum measured using (a) 5- and (b) 10-m focusing lenses for filament gen-
eration. The continuum generated with the 5-m lens was sufficiently stable that a
reference spectrum could be taken (gray) separately from the signal (black), allowing
for background subtraction to be performed (red, offset). The spatial stability of the
filament generated with the 10-m lens made it impractical to measure a reference.
However, the C-H stretch signature of gasoline is still clearly distinguishable from
the background continuum. Cascaded Raman peaks at ∼3850 cm−1 (N2+O2) and
∼4650 cm−1 (N2+N2) are also observed.
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are also observed in the Raman spectra. Using higher input powers (several ter-

awatts), filamentation and generation of a coherent continuum can be achieved over

tens to hundreds of meters[28, 29].While pulse shortening in an individual filament

will only occur over a limited distance, the generation of multiple filaments over a

long distance could still allow for impulsive excitation at much greater distances than

demonstrated here. The dynamic behavior of the multiple filaments generated by

a multi-terawatt laser is not well known, and further research is required to answer

important questions about the ability of laser pulses undergoing filamentation to

vibrationally excite Raman-active modes in the propagation medium.

A limiting factor in this technique is instability in the filament induced by turbu-

lent flow in the measurement region. To avoid this effect the flow rate of sample was

limited to maintain stable filamentation conditions throughout the sample region.

Since each sample had both a specific vapor pressure and refractive index contribu-

tion (linear and nonlinear), the effect of each sample on the spatial variations in the

refractive index in the sample cell differed in magnitude. Thus the maximum tolera-

ble flow rate of sample vapor (entrained in argon) in the detection region was sample

specific. Above the maximum tolerable flow rate, the filament became unstable in

the detection region, leading to degradation of the signal stability. In addition to

the linear effects introduced by turbulence, any spatially inhomogeneous nonlinearity

introduced in the pump pulse path by concentrated organic vapors can interrupt the

nonlinear filamentation process, leading to the break-up of the filament into multiple

filaments.
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5.5 Conclusions

We have presented filamentation-assisted impulsive stimulated Raman scattering

spectroscopy as a new method of implementing coherent Raman spectroscopy of

gas phase samples. Its use has been demonstrated for the detection of organic vapor

samples in air generated at a distance of ∼2.5 m from the laser source. We report

the measurement of the Raman spectra of chloroform, methylene chloride, cyclohex-

ane, toluene, pentane, triethylamine, ammonia, nitromethane, ethanol, and gasoline;

showing that filament-assisted impulsive stimulated Raman scattering spectroscopy

can be applied as a general method for Raman spectroscopy and that it is universally

capable of exciting the entire ground state vibrational spectra of molecules. Ammo-

nia, nitromethane, and gasoline are signatures for explosive materials and suggest

potential applications in remote detection with stand-off detection capability. We

have discussed in detail the factors that enter into the amplitude of the Raman signal,

such as the pump-probe delay and the scaling with pump and probe intensity. Knowl-

edge of these factors can be used to make filament-assisted Raman spectroscopy a

quantitative technique for gas-phase analysis. Extension of the technique to longer

signal generation and detection distances is straightforward and offers a potentially

sensitive molecular probe for stand-off and remote detection of gas phase molecules.
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CHAPTER 6

IONIZATION GRATING-INDUCED BIREFRINGENCE MEASURED
USING SPECTRALLY-RESOLVED PUMP-PROBE SPECTROSCOPY

6.1 Overview

The underlying physics responsible for the filamentation process are still not per-

fectly understood. In this chapter we consider a recently proposed effect known as

the “higher-order Kerr effect” (HOKE)[1] that implies a fundamental shift in our

understanding of the nonlinear optics of filamentation if it is true. Several exper-

iments have been proposed to investigate this phenomenon, and here we present

two experiments designed to test the HOKE theory. First, we present experimen-

tal confirmation of a new effect, ionization grating-induced birefringence, that was

predicted by Wahlstrand and Milchberg [2] as an alternative interpretation of the

transient birefringence experiments by Loriot et al.. Measurement of the transient

birefringence in air at 400 nm shows a negative contribution to the index of refrac-

tion at zero-delay for frequencies within the pump bandwidth, the degenerate case,

and no negative contribution for frequencies exceeding the pump bandwidth, the

non-degenerate case. Next, measurements made at 800 nm, where the HOKE is

expected to dominate, using degenerate pump and probe beams, as well as measure-
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ments made with a continuum probe, are presented that show ionization to be the

primary defocusing nonlinearity at 800 nm and cast doubt on the magnitude of the

higher-order Kerr effect reported previously.

The contents of this chapter have been submitted for publication in part at the

time of this writing under the title: “Ionization-grating-induced nonlinear phase accu-

mulation in spectrally-resolved transient-birefringence measurements at 400 nm”[3].

6.2 The Higher-Order Kerr Effect and Filamentation

In a recent report, results from a pump-probe transient birefringence measurement

were interpreted as evidence for the significance of higher-order terms in the expan-

sion of the nonlinear index of refraction, nNL, in argon, oxygen, and nitrogen [1, 4].

The so-called higher-order Kerr effect (HOKE) was purported to be responsible for

the saturation and subsequent sign inversion of the pump-probe birefringence at zero-

delay, measured in a heterodyned polarization gate geometry[1], similar to previous

work[5] where higher order Kerr terms were numerically investigated in hydrogen.

Subsequently, the hypothesis of a negative HOKE contribution to the refractive in-

dex at high intensities was used to re-interpret the underlying physics of dynamic

spatial replenishment during ultrashort laser filamentation [6] as being dominated

by saturation of the Kerr response over a wide range of input parameters [1, 4, 7]. In

the standard model of filamentation, plasma generation by the self-focusing driving

pulse generates free electrons[8, 9], which defocus the pulse and allow for a dynamic

balance between focusing and defocusing effects to sustain propagation over long
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distances (20 meter to several kilometers, depending on the initial geometry)[10–13],

white-light generation[14–17], and pulse compression[18–20]. There has also been a

significant body of literature generated seeking theoretical justification or elucidation

of the HOKE model[21–26] and using the HOKE to predict their impact on non-

linear pulse propagation[27–30].The proposed HOKE implies that plasma-induced

defocusing does not act as the primary mechanism responsible for counterbalancing

Kerr-induced self-focusing in a gas phase filament for short pulses in the near-IR.

Wahlstrand et al. [2] proposed an alternative interpretation of the transient

birefringence measurements of Loriot et al. [1], wherein the nonlinear processes in an

ionization-induced grating impose a phase shift on the probe pulse through two-beam

coupling, leading to an effective birefringence in the medium. A spatially stationary

modulation (grating) of the ionization front in the medium originating from optical

interference between degenerate pump and probe beams results in negative nonlinear

phase accumulation in the probe polarization component parallel to the pump laser,

with no phase accumulation in the perpendicular polarization component. Similar

coherent scattering has been observed before in semiconductors[31, 32]. Thus, for a

probe pulse that is linearly polarized at an angle of 45◦ with respect to the pump

polarization (as in the Loriot measurement), a net nonlinear polarization rotation

occurs while the pump and probe beams are temporally overlapped in the medium.

The intensity-dependence of the ionization-induced birefringence is predicted to scale

as Ime in the multi-photon regime, where Ie is the pump intensity and m is the

number of photons required to ionize the medium at the laser wavelength (with
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degenerate pump and probe pulses). The theory predicts that non-degenerate pump

and probe beams do not result in an ionization-induced birefringence due to the lack

of a stationary ionization grating. In a first approximation, this occurs when the

phase velocity of the interference pattern, |δ|/|ke − kp|, traverses the characteristic

grating distance d = 2π/|ke − kp| on the time scale of the laser pulse, τ . This

suggests that when π/δ > τ , nonlinear phase accumulation can occur in the parallel

probe polarization, leading to birefringence. In these expressions δ is the difference in

frequency between the pump (e) and probe (p) beams and k is the wavevector of the

respective pulses. For degenerate beams the grating is stationary and net nonlinear

phase accumulation can occur; for non-degenerate beams the shifting grating will

prevent net nonlinear phase accumulation through destructive interference. If the

birefringence observed by Loriot et al. were due to the optical Kerr effect based on

neutral-atomic or molecular properties, the polarization rotation should be observed

regardless of the frequency of the probe beam with respect to a particular pump

frequency [4, 29], excepting the existence of significant dispersion in the higher-order

nonlinear refractive index, which is not expected (cf. [33]).

Several experiments have been proposed and undertaken to test the proposed

HOKE theory. Kolesik et al. proposed using the ratio of the third- (TH) and fifth-

harmonics (FH) of the laser fundamental as a test of the higher-order Kerr effect[34].

Modeling of the TH/FH accounting for the HOKE[35] found that the results were

in agreement with previous experimental measurements [36]. However, experimental

investigations of the TH/FH under different conditions yielded conflicting results.
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Ni, et al.[37] investigated the TH/FH ratio generated in argon, air, and nitrogen at

low pressure using a 50 fs laser pulse with a center wavelength of 1500 nm. They con-

cluded that saturation of the TH/FH ratio at ∼10−1 was indicative of the HOKE, but

that the magnitude of the effect was insufficiently large to dominate filamentation.

Ariunbold et al.[38] investigated the TH/FH ratio in air at atmospheric pressure us-

ing a high intensity (projected 0.85–1.26 PW/cm−2) beam with a center wavelength

of 2.2µm and an estimated pulse duration of 40-60 fs. The conclusion reached by

Ariunbold et al. was that no evidence for the HOKE was observed, based on a mea-

sured TH/FH ratio of 2× 10−4. Beam profile measurements of a filament launched

from vacuum into ambient air with a 200 fs (790 nm) laser pulse were used by Kolesik

et al. as a metric for comparison between a standard (plasma-dominated defocus-

ing) propagation model and one incorporating the HOKE[34]. Their results showed

that the longer propagation distances predicted by the HOKE model conflicted with

the (shorter) distance over which the experimental filament was observed before di-

verging significantly. Kosareva, et al. compared filament propagation models with

experimental measurements of long-range filamentation using 50 fs (800 nm), 6.6

mJ pulses[39]. While both the standard model and the model including the HOKE

produced similar transverse profiles at 800 nm after ∼10 meters of propagation, they

are markedly different at 700 nm, at which wavelength the distribution calculated

using the standard model produces a better fit of the data. They also found that

the length of the filament was better reproduced by the standard model. In another

experiment utilizing the transverse distribution of the beam, the diffraction pattern
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induced on a co-propagating probe beam during filamentation in argon (35 fs, 800 nm

pump beam; est. 50 fs, 400 nm probe beam)[40] was used to compare the standard

and HOKE models (the plasma response was also measured). Polynkin et al.[40]

found that, particularly at long pump-probe time delays (8 ps) the standard model

produced results more consistent with the experimental results. In addition to the

results found above, Béjot and Kasparian compared simulations with and without

the HOKE[41] to previously measured experimental data for the divergent spectral

components (conical emission) observed during filamentation[42, 43] and found rea-

sonable agreement for both models, with the HOKE model producing slightly better

results.

Despite the body of literature that is rapidly being generated comparing fila-

mentation with and without the higher-order Kerr indicies, direct comparison with

the results of Loriot et al. are lacking. Several previous investigations of the non-

linear response revealed no evidence for HOKE-induced saturation of the nonlinear

refractive index. In one experiment a two-color, 800 nm/400 nm pump-probe cross

defocusing measurement was conducted in several gases, including argon, air, nitro-

gen, and oxygen[44]. No sign inversion of the signal was observed at zero-delay in this

experiment. Another set of experiments used both degenerate and non-degenerate

single-shot supercontinuum spectral interferometry[45, 46] to measure the nonlinear-

ity directly in nitrogen and argon. In addition, measurement of the electron density

using a folded wave-front interferometer[47] showed significant ionization occurring

during filamentation of 800 nm pulses. However, no direct comparison of two-color
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and degenerate transient birefringence experiments has been performed using the

transient birefringence apparatus of Loriot et al. Furthermore, no experiments have

investigated transient birefringence with small detuning between pump and probe

pulses, where any possibility of detrimental dispersion is effectively eliminated. Here,

we present spectrally-resolved transient birefringence measurements in air at 400 nm

and 800 nm for the degenerate and non-degenerate pump-probe cases using such an

apparatus. We demonstrate that no sign inversion is observed where pump and probe

are non-degenerate and that the intensity dependence of the observed birefringence

in the degenerate case is consistent with the ionization-induced grating model.

6.3 Experimental Arrangement for Spectrally- and

Temporally-Resolved Transient Birefringence Measurements

The transient birefringence of air was measured using a pump-probe scheme similar

to the one described in [48, 1], shown in Figures 6.1 and 6.2. An 800 nm, 50 fs laser

pulse was split into pump and probe pulses. For measurements at 400 nm, the probe

beam was attenuated with a neutral density filter and a half-wave plate/Glan-laser

polarizer pair. A second half-wave plate was used to control the polarization of the

probe after the polarizer and a 10-µm Type-II β-barium borate (BBO) crystal was

used to double the frequency of the probe pulse. The probe beam was then reflected

off of multiple dielectric mirrors coated for 400 nm to remove the 800 nm fundamen-

tal. The second wave plate and the BBO were rotated to minimize the transmission

through a second Glan-laser polarizer (acting as an analyzer) placed after the inter-
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Figure 6.1: Experimental arrangement for time-resolved transient birefringence
measurements at 400 nm (see text for details).

action region and before the spectrometer (USB4000, Ocean Optics) used for signal

detection. The pump intensity is independently controlled using a half-wave plate

and polarizer. The pump beam was doubled using a 1-mm Type-I BBO and reflected

off of multiple 400 nm dielectric high reflectors to remove the fundamental. A second

half-wave plate before the BBO was used in combination with the BBO to set the

pump polarization at an angle of 45◦ with respect to the probe. The two beams were

focused with an f=20-cm lens into ambient air, where they crossed at a small (∼3◦)

angle. After the interaction region the probe beam was collimated and sent through

a quarter-wave plate before the analyzer and spectrometer. The quarter-wave plate

was used to generate a local oscillator for heterodyned measurements by allowing the
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Figure 6.2: Experimental arrangement for time-resolved transient birefringence
measurements at 800 nm.

transmission of a small portion of the probe beam through the analyzer. By rotat-

ing the quarter-wave plate ±1◦ with respect to the incident probe beam polarization

axis and measuring the birefringence with positive and negative local oscillator phase

contributions the sign of the birefringence is obtained when the two measurements

are subtracted[49].

Doubling the pump and probe beams with BBO crystals of different thicknesses

results in a difference in spectral bandwidth between the two pulses due to the more

stringent phase-matching conditions in the thicker crystal. The full-width at half

maximum (FWHM) bandwidth of the frequency-doubled pump is 5.2 nm, while the

doubled probe FWHM is 9.5 nm. This difference in spectral bandwidth between the
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pump and the probe pulses allows us to investigate the effects of degeneracy and

non-degeneracy on the time-resolved birefringence signal. Measurements conducted

at 800 nm for the degenerate case were done using an apparatus comparable to to

the one described above without nonlinear crystals and using all dielectric reflectors

for 800 nm. For measurements at 800 nm where non-degenerate components were

measured, a filament generated in argon was used to spectrally broaden the probe

pulse and a small (∼1–5 µJ) portion was used for the experiment.

The heterodyne signal is proportional to the change in the refractive index of the

medium due to the intense pump and can be written as[50, 51]: Shet(t) ∝ Ip(t) ⊗

(∆n(t)+P)2−Ip(t)⊗(∆n(t)−P)2, where Ip(t) is the probe intensity profile, ∆n(t) =

n‖(t)−n⊥(t) is the difference in the refractive index along the pump polarization axis

and the refractive index along the axis perpendicular to the pump polarization, P is

the static birefringence induced by the quarter-wave plate, and ⊗ is the convolution

operator. The amplitude of the heterodyne birefringence signal is thus proportional

to n‖(t)− n⊥(t). An electronic stage in the probe path was used to control the delay

between the pump and probe pulses and the quarter-revivals of nitrogen and oxygen

were used to calibrate the position of zero-delay. The pump intensity was calculated

from the pump beam parameters (τpump ≈ 75 fs; w0 = 17 µm at 400 nm, τpump≈45 fs;

w0 = 20 µm at 800 nm). The heterodyned birefringence signal is spectrally-resolved

to provide a measurement of the nonlinear phase accumulation between the parallel

and perpendicular probe beam components as a function of frequency.
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6.4 Transient Birefringence of Air in the Ultraviolet

At 400 nm, the broader probe bandwidth provides degenerate birefringence signal

where it spectrally overlaps the pump and non-degenerate birefringence signal where

there is no spectral overlap with the pump. Figure 6.3 shows the spectrally-resolved

transient birefringence of air measured as a function of peak intensity. Measurements

were made over a range of 50 TW/cm−2, starting at 11 TW/cm−2. The intensity ex-

perienced by the probe is actually be smaller than the calculated value due to spatial

averaging resulting from the non-collinear beam geometry. The “effective intensity”

is expected to be on the order of that reported in [4] (∼Ipump/1.7), corresponding to

an intensity of 32 TWcm−2 for the maximum intensity used in the experiment. Figure

6.4 shows the center wavelength line-out of the data presented in Figure 6.3. The

data in Figure 6.4 shows the post-pulse rotational response of nitrogen (τ1/4 ≈ 2.1

ps) and oxygen (τ1/4 ≈ 2.9 ps), which is used to calibrate the position of zero-delay

in time and also serves as a metric for the linearity of the intensity in the focal region

with increasing pump energy.

The data presented in Figure 6.3 shows that the birefringence undergoes a sign

inversion at pump-probe degeneracy similar to that observed in the measurements

presented in [1], while the birefringence in regions where there is no spectral over-

lap between the pump and the probe pulses (i.e. under non-degenerate conditions)

exhibits no sign inversion. The sign of the non-degenerate birefringence signal is

positive on both the high and low energy sides of the spectrum with respect to
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Figure 6.3: Spectrally-resolved transient birefringence of air at 400 nm as a function
of pump intensity.
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Figure 6.4: Center wavelength line-out as a function of intensity at 400 nm showing
the intensity dependence of the negative dip at zero delay, the post-pulse permanent
alignment, and the rotational revivals of nitrogen and oxygen. The data shows
pump intensities from 11 TW/cm−2 (red) to 54 TW/cm−2(purple) in ∼5 TW/cm−2

increments. Note the difference in time scales between zero delay (0.1 ps per division)
and the post-pulse region.

the nominal pump central wavelength (∼400.7 nm), suggesting that pump photons

scattered in the probe direction from the induced grating and vice versa (two-beam

coupling) play a negligible role in generating the non-degenerate birefringence signal

in the present experiment. The contribution of two-beam coupling to the transient

birefringence has been discussed previously [52, 4] and will not be revisited here.

While cross-phase modulation may lead to energy transfer due to two-beam cou-

pling of the electronic Kerr and Raman responses at high pump intensities[53], we

neglect the influence of cross-phase modulation on the signal here. The positive sign

of the birefringence for near-degenerate pump and probe wavelengths is inconsistent

with the interpretation of the data as being due to the HOKE. It is unlikely that
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dispersion in the nonlinear refractive index would be so large as to prevent a sign

inversion at (ω−ω0)/ω0 ∼ ±0.7% change in the photon energy both above and below

degeneracy.

To gain insight into the effect of frequency detuning between the pump and probe

pulses on the transient birefringence, we revisit the theory developed in [2]. The total

electron density generated by the pump and probe fields, Ne(r, t) can be expressed

in terms of a general ionization rate model, W (Etot(t)), that depends only on the

total laser field amplitude:

Ne(r, t)
N0

=
∫ t

−∞
dt′W (Ee(t′)) + 1

2

(
eiqr

∫ t

−∞
dt′Ep(t′)W ′(Ee(t′))e−iδt

′ + c.c.

)
, (6.1)

where Ee and Ep are the envelope functions of the excitation or pump laser field and

the probe laser field, respectively; q = ke−kp is the grating wavevector;W ′(Ee) is the

derivative ofW (Ee) with respect to Ee; and the carrier frequencies are retained in the

expressions for the pump and probe electric fields, leading to the term exp(−iδt) in

the grating contribution. The first integral in Eq. (6.1) corresponds to the smoothly

varying electron density generated by the pump temporal envelope and the second

integral in Eq. (6.1), corresponding to the contribution leading to ionization grating-

induced nonlinear phase accumulation from the pump and probe together, integrates

to zero unless δ is smaller than the inverse lifetime of the ionization-induced grating

formed by Ep and W ′(Ee). That is, if there is no spectral overlap between the

pump and probe pulses, then no stationary grating is formed through ionization and
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Figure 6.5: The intensity dependence of the integrated transient birefringence sig-
nal measured at 400 nm at zero-delay (squares), during the permanent alignment
(circles), and during the oxygen quarter-revival (triangles). The lines represent fits
to the data (see text for details).

there is no selective nonlinear phase accumulation in the component of the probe

pulse parallel to the pump polarization. If the ionization model is assumed to be

multi-photon, i.e. W (E) = σm|E|2m, then according to Eq.(6.1) the amplitude of

the ionization-induced change in the refractive index should scale as Im−1
e , while

the nonlinear source term for the transient birefringence should scale as Ime . For

ionization of oxygen at 400 nm, a multi-photon ionization model adequately describes

ionization in the pump intensity range described here, leading to the prediction of a

fourth-order scaling of the negative birefringence signal with pump intensity.

To further investigate the dependence of the negative birefringence on pump
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laser intensity, the transient birefringence measured as a function of laser energy

was integrated over the spectrum to yield the overall birefringence of the pulse as

a function of time (equivalent to the signal measured in [1]). The intensity of the

overall transient birefringence was then integrated over zero-delay (the region of

pump-pulse overlap), over a section of the field-and revival-free post-pulse permanent

alignment signal (∼0.5-1.5 ps), and over the positive portion of the oxygen quarter

rotational revival centered at 2.89 ps. Figure 6.5 displays the the overall integrated

birefringence amplitude over the region of sign inversion at zero-delay (squares), in

the region of field-free permanent alignment after zero-delay (circles), and in the

vicinity of the oxygen quarter revival (triangles) as a function of pump intensity,

respectively. The three regions are normalized by dividing by the time interval over

which each region is integrated and normalized so that the linear contribution to

the zero-delay signal has a slope of one. The representative error bar in Figure 6.5

reflects uncertainty in the intensity calculated from measured beam parameters (est.

error of 10% pulse duration and ±0.5 µJ) and applies to all data points. The field-

free alignment and revival data are fit with exponentials of the form: A×xB, and the

zero-delay signal is fit by: A×xB +C×x. We observe linear (B=1.06) and quadratic

(B=2.02) behavior of the integrated oxygen revival and permanent alignment data,

respectively, confirming that saturation of the alignment does not occur [50] and,

more importantly, indicating that a decrease in the pump intensity due to a shift

in the focal position (resulting from Kerr self-focusing and/or plasma defocusing)

does not significantly impact the current experiment even though measurements
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were performed at atmospheric pressure. The integrated zero-delay data is fit with a

linear contribution (C=1) and a fourth-order contribution (A=8.83E-6, B=4). The

fourth-order negative contribution to the total birefringence matches the data well,

in agreement with the predictions of the ionization-induced birefringence model of

[2].

6.5 Theory of Spectrally-Resolved Transient Birefringence

In order to make a more rigorous comparison of the data with the predictions of

Wahlstrand and Milchberg[2], the frequency-resolved signal is numerically simulated

by solving the coupled wave equations for the experimental beam geometry and

including the relevant nonlinear effects in the system. We begin by solving the

coupled wave equations for the pump and probe beams defined as:

Ee(r, t) = êeEeei(ker−ωet); (6.2)

Ep(r, t) = êpEpei(kpr−ωpt), (6.3)

where Ee and Ep are envelope functions of the pump and probe pulses, respectively,

êi is the polarization vector, ki is the wavevector, and ωi is the center frequency of

the pulse. For the pump probe geometry used in the experiments, we define kp = kpẑ,

making ke = ke(ŷsinθ + ẑcosθ) the propagation direction of the pump in terms of

the angle between the pump and probe pulses (θ ≈ 4◦). The total field intensity is
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given by:

I(r, t) = n0c

8π |Ee(r, t) + Ep(r, t)|2 (6.4)

= n0c

8π
[
|Ee(r, t)|2 + E∗e(r, t) · Ep(r, t) + Ee(r, t) · E∗p(r, t) + |Ep(r, t)|2

]
(6.5)

and since |Ee(r, t)|2 � |Ep(r, t)|2, we drop the last term in the argument of (6.5).

Starting with the wave equation:

∇2E− 1
c2
∂D
∂t2

= 0 (6.6)

(6.7)

where the displacement field, D, can be written D = εE and ε is the dielectric

constant. For simplicity we treat the medium as being lossless and also neglect

transverse diffraction and temporal dispersion. Treating nonlinearities in the medium

as perturbations in the dielectric constant (ε = ε0 + ∆ε), we calculate the derivative:

d2D
dt2

= d2

dt2
{[ε0 + ∆ε(r, t)]E}

= ε
d2E
dt2

+ d

dt

[
d∆ε
dt

E + ∆εdE
dt

]

= ε0
d2E
dt2

+ d2∆ε
dt2

E + 2d∆ε
dt

E + ∆εd
2E
dt2

. (6.8)
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Now, calculating the derivative of the total electric field (6.2),(6.3);

dE
dt

= d

dt

(
Ee + Ep

)
= êe

(
−iωEe + dEe

dt

)
eiker−iωt + êp

(
−iωEp + dEp

dt

)
eikpr−iωt (6.9)

d2E
dt2

= êe
(
−ω2Ee − 2iωdEe

dt
+ d2Ee

dt2

)
eiker−iωt

+ êp
(
−ω2Ep − 2iωdEp

dt
+ d2Ep

dt2

)
eikpr−iωt (6.10)

and using results (6.9) and (6.10), we substitute into (6.8),

d2D
dt2

=
{

(ε0 + ∆ε)
[
êe
(
− ω2Ee − 2iωdEe

dt
+ d2Ee

dt2

)
eiker

+ êp
(
− ω2Ep − 2iωdEp

dt
+ d2Ep

dt2

)
eikpr

]

− 2d∆ε
dt

[
êe
(
− iωEe + dEe

dt

)
eiker + êp

(
− iωEp + dEp

dt

)
eikpr

]

+ d2∆ε
dt2

(
êeEeeiker + êpEpeikpr)}e−iωt. (6.11)
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Making the slowly varying envelope approximation (SVEA) by neglecting terms with

two time derivatives, we obtain:

d2D
dt2

=
{

(ε0 + ∆ε)
[
êe
(
− ω2Ee − 2iωdEe

dt

)
eiker + êp

(
− ω2Ep − 2iωdEp

dt

)
eikpr

]

− 2d∆ε
dt

[
êe
(
− iωEe + dEe

dt

)
eiker + êp

(
− iωEp + dEp

dt

)
eikpr

]}
e−iωt. (6.12)

Turning now to the first term in the wave equation, (6.6):

∇2E = d2E
dx2 + d2E

dy2 + d2E
dz2 ,

we use the fact that k⊥ � k (the paraxial approximation) and further approximate

that the angle between ke and kp is small (cos θ ≈ 1) to obtain:

d2E
dz2 =

{
êe
[
d2Ee
dz2 + 2ike

dEe
dz
− k2

eEe

]
eiker

+ êp
[
d2Ep
dz2 + 2ikp

dEp
dz
− k2

pEp

]
eikpr

}
e−iωt. (6.13)

173



Again neglecting terms with more than one derivative in (6.13), we substitute equa-

tions (6.12) and (6.13) into (6.6):

êe
[
2ike

dEe
dz
− k2

eEe

]
eiker + êp

[
+ 2ikp

dEp
dz
− k2

pEp

]
eikpr

= 1
c2

{
(ε0 + ∆ε)

[
êe
(
− ω2Ee − 2iωdEe

dt

)
eiker + êp

(
− ω2Ep − 2iωdEp

dt

)
eikpr

]

− 2d∆ε
dt

[
êe
(
− iωEe + dEe

dt

)
eiker + êp

(
− iωEp + dEp

dt

)
eikpr

]}
, (6.14)

where we have dropped e−iωt from both sides of the equation. Approximating that

k = |ke| ≈ |kp|, and recognizing that k2 = (ε0ω
2)/c2, we can further simplify the

wave equation:

− 2iêek
dEe
dz

eiker − 2iêpk
dEp
dz

eikpr

= ∆ε
c2 êeω2Eee

iker + ε0 + ∆ε
c2 2iêeω

dEe
dt

eiker + ∆ε
c2 êpω2Epe

ikpr

+ ε0 + ∆ε
c2 2iêpω

dEp
dt

eikpr + 2iω
c2

d∆ε
dt

[
êeEeeiker + êpEpeikpr

]
. (6.15)

In order to isolate the nonlinear phase shift, we make the substitution: τ = t −

zn0/c so that (∂E/∂z) ⇒ (∂E/∂z) − (n0/c)(∂E/∂τ); and grouping terms and re-
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substituting k = n0ω/c yields:

êe
dEe
dz

eiker + êp
dEp
dz

eikpr

= ik∆ε
2n2

0

[
êe
(

1 + 2i
ω

d

dτ

)
Eee

iker + êp
(

1 + 2i
ω

d

dτ

)
Epe

ikpr
]

+ i

n0c

d∆ε
dτ

(
êeEeeiker + êpEpeikpr

)
. (6.16)

The signal of interest in the experiment under consideration lies in the probe beam

direction. In order to isolate terms containing exp[ikpr] we must first ascertain the

nature of the nonlinear interaction. Substituting ε = n2, where n2 = (n0 + ∆n)2 and

∆n is the nonlinearly induced change in the refractive index, we find n2 = n2
0+2n0∆n,

where we have neglected the small term ∆n2. Thus we have ∆ε = 2n0∆n. Here we

consider the contributions of the optical Kerr effect, the nonlinear response arising

from molecular alignment, and multi-photon ionization of the medium by the field.

These contributions can be written[54–56]:

∆nK(r, t) = ∆nK(el)(r, t) + ∆nK(rot)(r, t)

= n2
[
(1− κ)I(r, t) + κ

∫ t

−∞
R(t− t′)I(r, t′)dt′

]
, (6.17)

∆npl(r, t) = − N0

2Nc

∫ t

−∞
σmI(r, t′)mdt′, (6.18)

where n2 is the nonlinear refractive index[54], R(t− t′) is the rotational response[55,

57], κ defines the relative strength of the instantaneous and delayed bound electron
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responses, and σm is the m-photon ionization cross-section. Substituting for I(r, t),

we obtain:

∆n(r, t) = ∆nsK(el) + ∆n+
K(el)∆n

s
K(rot) + ∆ngK(el) + ∆nspl + ∆ngpl, (6.19)

where:

∆nsK(el)(r, t) = n2(1− κ)Ie(r, t), (6.20)

∆ngK(el)(r, t) = n0c

8π n2(1− κ)E∗e (r, t)Ep(r, t)e−i(kp−ke)r, (6.21)

∆nsK(rot)(r, t) = n2κ

∫ t

−∞
R(t− t′)Ie(r, t′)dt′, (6.22)

∆ngK(rot)(r, t) = n0c

8π n2κ

∫ t

−∞
R(t− t′)E∗e (r, t′)E∗p(r, t′)e−i(kp−ke)rdt′, (6.23)

∆nspl(r, t) = − N0

2Nc

∫ t

−∞
σmIe(r, t′)mdt′, (6.24)

∆ngpl(r, t) = −n0c

8π
N0

2Nc

∫ t

−∞
σmIe(r, t′)m−

1
2E∗e (r, t′)Ep(r, t′)e−i(kp−ke)rdt′, (6.25)

and equation (6.25) is obtained using the binomial approximation:

[Ee(r, t) + Ep(r, t)]2m ≈ Ee(r, t)2m +mEe(r, t)2m−1Ep(r, t). (6.26)

Due to the tensor nature of the dielectric constant, the bound-electron response of the

medium exhibits anisotropy. In addition, we require that photons participating in the

ionization process have the same polarization. We identify the relative polarizations
176



of the pump and probe beams used in the experiment using the pump as a frame

of reference for the interaction: êe = x̂ and êp = (x̂ + ŷ)/
√

2. The effect of the

anisotropic medium response then gives the components of the dielectric response

(Di = εiiE
i) as[54]:

∆εxx = 2n0
{

∆nsK(el) + ∆nsK(rot) + ∆nspl

+
([

∆ngpl + ∆ngK(el) + ∆ngK(rot)
]
e−i(kp−ke)r + c.c.

)}
, (6.27)

∆εxy = 2n0

([
1
3∆ngK(el) −∆ngK(rot)

]
e−i(kp−ke)r + c.c.

)
, (6.28)

∆εyy = 2n0

(
1
3∆nsK(el) −∆nsK(rot) + ∆nspl(r, t)

)
. (6.29)

Since we are interested in the relative phase shift between the x̂ and ŷ components of

the probe beam, which leads to ellipticity in the probe beam, we want to calculate the

phase accumulation of those components. At this point we drop the time derivative

terms, as their contribution to the nonlinear phase shift are small. Starting with the
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x polarization component of the probe, denoted Ex
p , we substitute into (6.16):

dEe
dz

eiker + 1√
2
dEx

p

dz
eikpr

= ik

n0

(
∆nsK(el) + ∆nsK(rot) + ∆nspl

+
([

∆ngpl + ∆ngK(el) + ∆ngK(rot)
]
e−i(kp−ke)r + c.c.

))

×
[
Eee

iker + 1√
2
Epe

ikpr
]
. (6.30)

Retaining only terms that propagate in the probe beam direction (kp) and assuming

that the envelopes of the pump and probe beams do not change over the length of

the interaction,

Ex
p = iz

k

n0

[√
2
(
∆ngK(el) + ∆ngK(rot) + ∆ngpl

)
Ee

+
(
∆nsK(el) + ∆nsK(rot) + ∆nspl

)
Ep
]
. (6.31)

Repeating for the y polarization component, Ey
p , we find:

Ey
p = iz

k

n0

[√
2
(

1
3∆ngK(el) −

1
2∆ngK(rot)

)
Ee

+
(

1
3∆nsK(el) −

1
2∆nsK(rot) + ∆nspl

)
Ep

]
. (6.32)
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The signal field, Es, transmitted through the cross-analyzer in the probe beam path

after the nonlinear interaction is proportional to the difference in nonlinear phase

between the x and y polarization components accumulated by the probe beam. Sub-

tracting Ex
p from Ey

p leaves only the terms proportional to the difference in nonlinear

phase between the two polarization components:

Es = Ex
p − Ey

p = iz
k

n0

[√
2
(

2
3∆ngK(el) −

3
2∆ngK(rot) + ∆ngpl

)
Ee

+
(

2
3∆nsK(el) −

3
2∆nsK(rot)

)
Ep

]
. (6.33)

The signal measured at the detector in the presence of a local oscillator, ELO, is:

I ∝
∫ ∞
−∞
|Es(t) + ELO(t)|2dt (6.34)

Neglecting the small signal |Es|2 and ignoring the constant |ELO|2, the heterodyne

signal can be written:

Ihet(t) ∝ 2Re
∫ ∞
−∞

E∗s (t)× ELO(t)dt, (6.35)

which is detected in the spectrometer in the frequency domain:

Ihet(ω, td) ∝ 2Re[ELO(ω)× Es(ω)], (6.36)
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where td is the pump-probe time delay;

ELO(ω) =
∫ ∞
−∞

ELO(t)e−iωtdt and ELO(t) = iηEp(t), (6.37)

Es(ω) =
∫ ∞
−∞

Es(t)e−iωtdt, (6.38)

and η represents the amplitude of the local oscillator field. Combining equations

(6.19)-(6.25), (6.33), and (6.36)-(6.38) we obtain for the frequency-resolved, hetero-

dyned transient birefringence:

Ihet(ω, td) ∝ 2Re
{
iηEp(ω, td)

× iz k
n0

∫ ∞
−∞

(√
2
[
∆ngK(el)(t) + ∆ngK(rot)(t) + ∆ngpl(t)

]
Ee(t)

+
[
∆nsK(el)(t) + ∆nsK(rot)(t)

]
Ep(t− td)

)
e−iωtdt

}
. (6.39)

The spectrally-resolved transient birefringence calculated using Equation (6.39)

with Gaussian input pulses (τpu = 75 fs, τpr = 37 fs) and Ie = 32 TWcm−2 is shown

in Figure 6.6(b). Because of the uncertainty in the value of n2 at 400 nm (taken

to be n2 = 5.36 × 10−19 Wcm−2 [58]) and in the ionization rate, the Raman/Kerr

contribution has been scaled to match the experimental proportions relative to the

ionization-induced grating contribution. The simulation captures the essential fea-

tures of the experimental data that distinguish it from a purely Kerr-driven response,

namely the positive sidebands on the leading edge of the pump pulse. Spectral- and
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Figure 6.6: (a) The heterodyned, time- and frequency-resolved birefringence of
air measured at Ipump = 54 TWcm−2. Inset: measured pump (dashed) and probe
(solid) spectra. (b) The heterodyned, time- and frequency-resolved birefringence of
air calculated using Eq. (6.39) (see text for details).

temporal- integration of the pure ionization-induced birefringence as a function of

intensity yielded a fourth-order power dependence, and in combination with a linear

contribution (accounting for Kerr and Raman effects) agrees with the data shown in

Figure 6.5.

We next consider the possibility of HOKE term contributions to the transient

birefringence measured at 400 nm. In the UV (i.e. at ≤400 nm), plasma generation

is expected to dominate over the HOKE indices [4, 29], which would lead to suppres-

sion of the sign inversion of the birefringence were it due solely to the HOKE terms.

Ettoumi et al. calculate the Kerr-canceling intensity in air at 400 nm to be ∼32

TWcm−2 based on a generalization of the Miller formulæ[22], which but our data

shows inversion well below this intensity. For comparison, inversion of the integrated
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temporal profile in our data, occurs at 32.1 µJ input energy, which corresponds to

Ie/1.7 = 28 TWcm−2. We note that subsequent work has cast doubt on the validity

of the generalized Miller formulæ[25], suggesting that the disagreement between the

calculation in [29] and our data can only be qualitatively discussed. Regardless, the

measurements presented here show comparable inversion of the transient birefrin-

gence as seen in [1] at 800 nm, suggesting that the sign inversion of the transient

birefringence is unlikely to be a distinct indication of HOKE-dominated propagation.

6.6 Transient Birefringence of Air in the Near-Infrared

The measurements reported at 400 nm showed that the intensity grating formed be-

tween the pump and probe beams leads to modulation of the multi-photon ionization

rate that imposes a phase shift on the probe beam polarization component paral-

lel to the pump beam polarization. This ionization grating induces a birefringence

in the medium that results in a net negative phase shift between the parallel and

perpendicular probe components. The measurements performed at 400 nm do not,

however, directly address the validity of the proposed HOKE, which is expected to

dominate only at wavelengths longer than 600 nm[24].

To ascertain whether or not the inversion observed at 800 nm by Loriot et al. is

due predominantly to a saturation of higher-order terms in the electronic susceptibil-

ity or to ionization grating-induced birefringence, we conducted spectrally-resolved

transient birefringence measurements at 800 nm, as described in Section 6.3. Figure

6.7 shows the spectrally- and temporally-resolved birefringence of air measured at
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Figure 6.7: Transient birefringence of air at 800 nm as a function of pump intensity.
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800 nm for different pump pulse intensities. The spectral/temporal phase of the

800 nm pulse is much more complex than at 400 nm, as can be seen in Figure

6.7 at 15 TW/cm−2, where neither ionization or the HOKE significantly affect the

amplitude of the birefringence. The complex phase structure could possibly lead

to two-beam coupling depending on the magnitude of the distortions in the phase.

As expected, sign inversion of the birefringence is observed at zero delay with in-

creasing pump power, in agreement with the measurements reported in [1]. Unlike

the measurements made at 400 nm, the pump and probe pulses used to measure

the data shown in Figure 6.7 had the same bandwidth, making it more difficult

to discern between ionization grating-induced and HOKE-induced contributions to

the birefringence. The spectrally- and temporally-integrated sign inversion region

at zero-delay, the permanent alignment region (0.5 ps to 1.5 ps), and the oxygen

quarter-revival (centered at 2.89 ps) region were evaluated in the same manner as

the 400 nm measurements (cf. Figure 6.5) and plotted as a function of intensity in

Figure 6.8. The permanent and rotational alignment data were fit with a polynomial

of the form: A× xB and the zero-delay trend was fit with a polynomial of the form:

A×xB+C×x. The permanent alignment (B=2.08) and rotational revival (B=1.06)

data show that saturation of the focal region does not occur over the intensity in-

terval studied here. The pump-induced birefringence at zero delay was first fit using

B as a free parameter and gives an overall 4.77-th order dependence to the curve

with a root-mean square deviation of 1.82 (solid line, purple). Using the cross-Kerr

HOKE coefficients reported in [1] the theoretical value of B is calculated to be 4.66.
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Figure 6.8: The intensity dependence of the integrated transient birefringence signal
measured at 800 nm at zero-delay (diamonds), during the permanent alignment
(circles), and during the oxygen quarter-revival (squares). The lines represent fits to
the data of the form A× xB + C × x (see text for details).
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Figure 6.9: Spectrally- and temporally-resolved transient birefringence of air mea-
sured at ∼75 TWcm−2 using a supercontinuum probe.
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However, the fit thus obtained does not reproduce the data well for intensities below

49 TWcm−2. Neglecting points above 49 TWcm−2 leads to a value of B = 7.73 with

a root-mean square deviation of 1.08 (dashed-dotted line, black). This is close to

the value expected for multi-photon ionization of oxygen (IP = 12.07 eV) at 800 nm

(~ω = 1.55 eV), where the number of photons required to ionize is m = 8. Over

the intensity range considered here (characterized by the Keldysh parameter values

γ = 4.5 → 1.35) multi-photon ionization dominates initially, but tunnel ionization

cannot be neglected at higher intensities. Consequently, it is not expected that the

contribution of the ionization grating-induced birefringence can be appropriately fit

with a single exponential at high intensities. Also, the approximation used to incor-

porate ionization in the theoretical treatment of the birefringence experienced by the

probe that was developed in Section 6.5 is based on a multi-photon ionization model,

limiting its application to the measurements made at 800 nm at high intensities.

In order to further distinguish a possible HOKE-induced inversion of the birefrin-

gence and a negative ionization grating-induced contribution at 800 nm we employ

the same method used at 400 nm. Namely, a probe beam whose bandwidth exceeds

that of the pump beam is utilized for measurements of the frequency-degenerate and

frequency-non-degenerate probe response. The probe beam is spectrally broadened

through filamentation and attenuated to provide both degenerate and non-degenerate

signal components. Figure 6.9 shows the spectrally- and temporally-resolved tran-

sient birefringence of air with a pump intensity of 75 ± 20 TWcm−2. Because of

the strong chirp on the probe pulse, two-beam coupling energy transfer could poten-
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tially occur[53], affecting the temporal structure of the birefringence observed close

to pump-probe degeneracy. However, the overall negative birefringence observed at

800± 10 nm is consistent with the measurements presented in Figure 6.7. The nega-

tive birefringence observed at degeneracy is in stark contrast with the birefringence

observed in the probe continuum, where only positive birefringence is observed dur-

ing pump-probe overlap. As before, barring significant dispersion in the nonlinear

refractive index, the data in Figure 6.9 suggests a fundamentally different mechanism

from the contribution of negative higher-order Kerr terms is causing inversion of the

birefringence at pump-probe degeneracy. The signal is consistent with an ioniza-

tion grating-induced inversion of the birefringence, which is not expected to effect

mutually-exclusive frequency components of the pump and probe beams.

6.7 Conclusions

To conclude, we have experimentally verified the existence of an ionization grating-

induced contribution to the transient birefringence of air measured in a pump-probe

configuration similar to [1]. We measured the dependence of the sign inversion of

the birefringence on pump intensity at 400 nm and showed that it scales as Ime ,

where m is the number of photons required to ionize in the multi-photon limit. We

also report that the ionization-induced transient birefringence signal occurs only at

degeneracy and that non-degeneracy between the pump and probe pulses results

in no sign inversion of the birefringence. This is in accord with the prediction of

Wahlstrand et al. We have also observed a sign inversion of the transient birefringence
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at 800 nm, in agreement with the findings reported in [1]. However, spectrally-

resolved measurements with a continuum probe beam showed that no sign inversion

is observed at signal components outside of the pump bandwidth, indicating that

the largest contributor to the negative birefringence is the ionization grating-induced

phase shift predicted in [2]. The difference in the sign of the birefringence between

degenerate and near-degenerate pump and probe wavelengths cannot be explained

by the HOKE model.
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CHAPTER 7

SUMMARY AND OUTLOOK

Femtosecond laser filamentation in the gas phase is finding increasing application

in a wide range of disciplines. Knowledge of filament formation and propagation

dynamics, as well as the development of new techniques harnessing the dramatic

spectral and temporal changes in the pulse that accompany the filamentation process,

are necessary for filamentation science to reach its full potential.

In the present work we described a technique capable of characterizing a laser

pulse in situ as it undergoes filamentary propagation. Using a laser-induced tran-

sient grating, the full spectral and temporal phase and amplitude of the laser pulse

in the center of the filament was demonstrated. However, the spatial propagation

dynamics were merely inferred from the on axis dynamics measured in the experi-

ment. Potentially, TG-XFROG could be applied to measuring the transverse pulse

characteristics by increasing the reference beam spot size or by scanning in the trans-

verse dimension, thus enabling full characterization of the spatio-temporal filament

dynamics. Identification of locations in the filament might also enable new meth-

ods of pulse tailoring based on filamentation, where filamentary-shaped pulses are

extracted at the point where the desired temporal and spectral characteristics are
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achieved. The development of a pulse characterization method suitable for measur-

ing pulses with intensities in the TW/cm−2 range is also important as ever shorter

pulse duration and higher intensity laser sources are developed for applications in

strong-field physics.

We also showed in that the dynamics in a filament can be followed using impul-

sive stimulated Raman scattering in combination with other spectroscopic variables.

The impulsively excited vibrational response provides a less demanding method of

characterizing the average pulse duration in the filament, and also demonstrates that

excitation of the entire ground state vibrational Raman spectrum can be achieved

in a simple filament-based arrangement. The measurement of the longitudinally-

resolved Raman intensities excited by the filamentary pulse verify the integrity of

TG-XFROG as a method for characterizing filaments. The observation of large vi-

brational excitation from a relatively long laser pulse compared to previous studies

of vibrational excitation during filamentation also shows that commercial laser tech-

nology can be used for filament-based impulsive Raman spectroscopy, opening up

the possibility of applications in filament-assisted standoff spectroscopy.

As a demonstration of vibrational spectroscopy in a laser filament, the rovibra-

tional wave-packet dispersion of air was measured. An analytical solution for the

short-time dynamics of the wave-packet was obtained and fitting the temperature of

the system revealed that no thermal energy was partitioned to the molecules during

the filamentation process. Further application of time-resolved impulsive stimulated

Raman scattering using a femtosecond laser filament as an excitation source to flame
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thermometry in a mixed methane-oxygen-air flame was also demonstrated.

Further characterization of filament-assisted impulsive vibrational spectroscopy

showed that it yields a standard impulsive stimulated Raman scattering signal and

is capable of measuring moderately low vapor pressure organic molecules in the gas

phase. It was also demonstrated that filament-based spectroscopy is promising as a

method for standoff detection of explosives. Significant improvements over the proof-

of-principle experiment conducted here could be easily achieved using available laser

technology and more sophisticated detection schemes. Coherent Raman spectroscopy

is a sensitive and selective probe for chemical detection, and filamentation offers

the potential to reach remote distances while maintaining a high energy density for

efficient excitation and generation of nonlinear signal for unambiguous determination

of unknown targets.

Lastly, we conducted a detailed investigation of the fundamental nonlinear optical

contributions controlling the filamentation process using spectrally-resolved pump-

probe transient birefringence spectroscopy. This study uncovered previously uniden-

tified contributions to the birefringence caused by the interaction of a strong ul-

traviolet pump pulse with a weak probe pulse, constituting the first observation of

ionization grating-induced transient birefringence in the gas phase. Numerical sim-

ulations of the signal based on solutions of the coupled wave equation confirmed the

origin of the observed result. These results were further extended to 800 nm, where

a previous investigation using the same experimental setup (not spectrally resolved)

had been conducted and the saturation and inversion of the signal during pump-
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probe overlap had been attributed to negative terms in the higher-order expansion

of the nonlinear polarization, an explanation which, if true, would overturn the cur-

rent paradigm of filamentation physics and high-field nonlinear optics in general.

The results of our experiments showed that the spectral and temporal response of

the transient birefringence is inconsistent with the higher-order Kerr model but sup-

ports the ionization-grating mechanism confirmed in the ultraviolet. These results

shed light on the underlying physics that drive the filamentation process and will

be essential in clearing up the ambiguity arising from the alternative interpretation

proposed previously.

The results of the investigations presented here are:

• The implementation of a transient-grating cross-correlation frequency-resolved

optical gating variant for directly measuring the temporal and spectral dynam-

ics of a pulse undergoing filamentation for the first time.

• A detailed study of the pulse power spectrum, the gross fluorescence yield,

and the vibrational excitation by the pulse as a function of distance along the

filament, which confirmed the results obtained using TG-XFROG and showed

filament-assisted Raman spectroscopy has the potential for single-shot mea-

surement of the entire ground state Raman spectrum.

• The application of filament-assisted Raman spectroscopy to thermometry and

molecular detection with a view toward future applications in remote and

standoff detection.
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• The observation of ionization-grating induced birefringence induced on a weak

probe pulse by a strong pump pulse, showing that ionization is primarily re-

sponsible for halting beam collapse during filamentation in air.
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