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Abstract

Filamentation in air is a phenomenon that has been extensively investigated for
the last two decades. At sufficiently high intensity, even air is a nonlinear medium.
These intensities are reached with ultrashort pulses (50 to 100 fs) of more than 1 J
energy, which self-focus in air, reach ionizing intensities of oxygen and nitrogen, cre-
ating a plasma that defocuses the beam. The air filament is a self-induced waveguide
resulting from a balance of focusing and defocusing. In this work new techniques were
developed to visualize and analyze this phenomenon through its emission, in particu-
lar the UV emission of the nitrogen cation. Contrary to popular belief, this emission
does not proceed to be instantaneous upon ionization of nitrogen, but is delayed by
tens of ps with respect to the ionizing/propagating short pulse. The time resolved
emission of the nitrogen cation is very complex and was analyzed through pump-
probe spectroscopy, the pump being the filamenting pulse at 800nm, and the probe
its second harmonic. It was found that the medium within the filament volume pro-

vided transient optical amplification at the wavelengths of the rotational-vibrational



lines of Nj. The temporal behavior of the gain itself is complex, since it repeats
itself at fixed time intervals (“revival times”). The wavelength of these lines is also
time dependent, because they are Stark shifted in the expanding plasma. This study
suggests that the filament creates a “laser in the sky”, which could be invaluable in

amplifying weak return signals in remote sensing.
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Chapter 1

Filamentation

1.1 Overview of the thesis

This thesis is a modest contribution to the decades of research on light filaments.
Light filaments is a complex topic as witnessed by the extensive literature on this
topic. Some of it is "summarized” in a book to appear in December 2021 [6]. This
first chapter starts with a definition of filaments and a basic review of the physics
involved. This includes multiphoton ionization (or tunneling ionization), plasma
formation, emission for ions, nonlinear propagation leading to spatial solitons to
describe the beam profile. Special tools had to be developed such as the aerodynamic

window, a linear attenuator of 1:10%, pump probe spectroscopy with fs delay steps,

1 1

2 cm™ " spectral resolution and over a 320 cm™" spectral span. These experimental
tools are the topic of Chapter 2. Even the emission of the positive nitrogen ions is
the object of controversy. It has been assumed as obvious that the emission would
start instantaneously with the formation of ions. It is shown in Chapter 3 that this
is not the case. For the N, bands at 391 nm and 428 nm, we measure a delay

of tens of picoseconds between the emission with respect to the excitation at 800



1.2. INTRODUCTION

nm. This suggests a complex interaction between light and matter. The plasma
properties such as lifetime, length and speed were also measured and confirmed that
the aerodynamic window is indeed a productive apparatus in the examination of
filaments. A short background on laser induced molecular revivals, which involves
periodic angular re-alignment between the nitrogen molecular axis and the electric
field of an ultra short pulse is introduced in Chapter 4.6.1. The radiation emitted
by a filament can originate from nitrogen, oxygen, nitrogen cations, oxygen cations,
and negative oxygen ions. The Chapter 5 reports on an experimental study of the
emission of the nitrogen cation N, . The spectrum of N, created by the 800 nm
pulse is probed at later times by 400 nm pulses. It is shown that the emission
around 391 nm and 428 nm is not spontaneous radiation, but amplification of the
broad featureless spectrum of the 400 nm probe. The gain mechanism is analyzed
through its complex time evolution (covering picoseconds to nanoseconds) of each line
of the rich vibro-rotational emission spectrum. The dynamics of the lines is further
complicated by Stark shift, a phenomenon that we were first to detect. A shift in
background on the revivals is interpreted as due to plasma defocusing affecting the

seed beam.

1.2 Introduction

There is current interest in ultrafast pulsed lasers with sufficient magnitude in power
to alter the medium through which it propagates, allowing self guiding and diffraction-Jj
less propagation and a host of other effects. Table top terawatt lasers have made it
possible to study diverse nonlinear phenomenon ranging from self focusing, four wave
mixing and the observation optical solitons and filaments. Filamentation derives its
name from the very thin strands of white light generated from a plasma channel

that results from electrons that have been stripped from their constituent molecules.
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The laser induced plasma are confined to channels 500 ym and smaller propagating
many times longer than the Rayleigh range. This range is extended simplistically by
interplay between, self focusing driven by intensity dependent refractive index which
focuses the beam, and the multiphoton ionized electrons which defocus the beam.
The intensity within a single filament is changed by this process. In the case of 800
nm filaments, increasing the beam energy leads to the creation of other filaments each
carrying a few mJ of energy. Because of its high intensity, the filament loses energy to
nonlinear effects until the losses deplete the intensity to below 90 % of the clamping
intensity (intensity where no further effects occur). In the 1960’s, Akhmanov et al [7]
developed a working model to describe the departure of non-linear focusing from
that of geometric optics in solids that were being observed with the then available
intensities of newly developed Q-swtiching lasers. Their model first put forth the
concept of "self-action” waveguiding that was a conglomerate balance of higher or-
der defocusing, diffraction and self-focusing. 20 years later, Akhmanov et al. model
explained exactly what was being observed in cw filamentation in micro-emulsions
8] of oil and water driven by an argon ion laser. Ten years further still, with air as
a non-linear medium, filaments were generated in atmosphere by ultra short pulses
lasers in the infrared (femtoseconds) [9] and ultra-violet (picoseconds) [10]. A score
of decades later, it is still a remarkably odious task to create and control filaments
let alone study them. To this day, it feels impossible to create repeatable data owing
to the destructive nature of filamentation. The ultra intensities damage optics and
instruments, and the task of simple observation is laborious due to the precipitous
nature of filaments, as they develop and disappear on times scales shorter than all
but the fastest detectors. This leads to a deficiency of unequivocal data so that the
theorists can derive working models owing to this ultra fast phenomena, leading to
many competing and labyrinthine theories of the filament dynamics. Early modeling
include “dispersion, nonlinear self-focusing, stimulated molecular Raman scattering,

multiphoton and tunneling ionization, energy depletion due to ionization, relativistic
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focusing, and ponderomotively excited plasma wakefields, and effects of molecular
orientation” [11]. Other models built up from Akhmanov et al. to include self-
inducing waveguiding [12], or a moving focus model derived by Brodeur et al [13].
The latter model conflicted with experiments in [14] where the use of aerodynamic
window (later in this thesis) prepares the filament by focusing in a vacuum and prop-
agating in air much to the agreement of [12]. It has also been shown that nonlinear
attenuation associated to multi-photon ionization causes self lensing to behave as an

axicon lens [15].

1.3 Background

1.3.1 Intensity Dependent Refractive Index

For a field E = Ejexp(—jwt) the x term in appx. Eq. (B.10)can be written in terms

of the index of refraction,
n=(1+x)"% (1.1)

Unless there is a break in symmetry in the material, the Eq. (B.11c) goes to zero,

and we are left with the first and third order of y. Eq. (1.1) can then be written
n=(1+xW +x®)/2 (1.2)

which can be shown to be the intensity dependent index of refraction
n=no+neE2 = ng+ nol (1.3)

also known as the optical Kerr effect where ng is the linear refractive index and ngl
is the intensity dependent refractive index. This is very interesting result because a
laser pulse with sufficient intensity will change the index of refraction of the material

it is traveling though. This will produce an index of refraction with a spatial profile
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Figure 1.1: Intensity refractive index

that matches the intensity profile of the incident beam. For example, a top-hat profile
beam will produce a corresponding top-hat profile in the index of refraction that
concentrates self focusing near the corners of the beam. If the beam has a Gaussian
profile, then this will produce a medium analogous to a gradient index lens. To

observe this effect, very large fields are required which implies that ny << ng [16,17].

1.3.2 Self Focusing

The Rayleigh length is the range between the minimum area of a laser beam and the
propagation distance to where the beam expands or diffracts to an area that is twice
the minimum cross section. If we operate under the assumption of Gaussian beam
optics, the function of the radius of a laser beam from the point of the minimum

cross section to some value z along the direction of propagation is
2\ 2
w(z) = woet |1+ (—) (1.4)
ZR

where wy is the minimum cross section, or the beam waist and 2z is the Raleigh
range. A factor of 2 increase in area corresponds to a factor of v/2 increase in radius,

and solving for zg in Eq. (1.4) at 2 = 0 or (when w(z) = v/2wq) as a function of
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wavelength yields

Tw?  kw?
2R = TO = TO (1.5)
Despite the fact that wavelength of light is dependent on Eq. (A.5) and (A.6)
nowhere in Eq. (1.5) is the requirement that diffraction depends on the presence of
matter. In fact, diffraction of a laser beam will occur in an absolute vacuum and
is proportional to the frequency, with blue light diffracts much greater than red. In
order for self focusing to occur, the intensity must be high enough so that Eq. (1.3)
counter acts diffraction. The incident power where self focusing cancels or overcomes
diffraction, or the critical power [18] occurs when

3.77)\2

8mngng

Pcrit = (16>

with P, for a 800 nm center \ laser pulse in air is on the order of 2 or 3 GW [19,20].
For example, to exceed the critical power a 150 uJ pulse must be about 50 fs. Above
the critical power a self focusing beam will begin to collapse on itself. As a beam
begins to focus, the intensity is increased as the power per unit area increases and self
focusing is enhanced until other nonlinear effects counteract and compete against self
focusing. Self focusing will limit itself when the beam has collapsed to its smallest
size. This limit is related to the Rayleigh range ( since this is the minimum diameter
a beam will have) and in [18] the shift in distance from where the beam waist would

be located without self focusing to the self focusing location is given as

0.397

Zsf = *ZR-
P itons 1/2 2
K ey ) — 0.852] —0.0219
Pcrit'ical

Equation (1.7) behaves like a modification to the Rayleigh range by decreasing it

(1.7)

because it increases the divergence of the beam due to self focusing changing the
normal of the phase front. For example, if a lens with focal distance f is inserted into

beam and adding a second “lens” (self focusing) then the new focal length can be
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calculated with the use of the lens equation where z.¢ and zs; are critical focus and

self focusing and

L (1.8)

1.4 Plasma Generation

One consequence of the high intensity of the electric fields needed to exceed the
critical power is the generation of free electrons in a medium by ionization. Above
the critical power, other nonlinear effects such as photo-ionization or multi-photon
ionization (MPI) become prominent. In the case of tunneling ionization, the incident
field is of sufficient magnitude to distort the binding potential of an electron and
the nucleus. The distortion drastically reduces the potential energy of the electron
so that a freed electron leaves the nucleus with or without residual kinetic energy.
With the application of an electric field at the threshold of ionization, an electron
can be ionized at zero kinetic energy which is the heart of ZEKE ( zero kinetic
energy photoelectron) spectroscopy [21]. Instead of reducing the Coulomb potential
between the nucleus and the electron in order for tunneling to occur, MPI takes
place when the energy of a few photons exceed the potential well. The probability
for multiple photons to impinge on an electron simultaneously is proportional to the
energy density. In the case of diatomic nitrogen with an ionization energy of 15.6
eV, 11 photons at 800 nm (fuw ~ 1.55¢V") are needed to ionize a molecule. Both of
these processes are described under the umbrella of photo-ionization since neither of
these processes are independent and happen concurrently, especially in intense laser
fields and is illustrated in Fig .1.2. If photo-ionization continues unabated (if there
is sufficient power to overcome any losses during self focusing) enough electrons are

generated and there is a region of plasma formed inside of a laser beam.
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Figure 1.2: Two mechanisms of ionization. Tunneling ionization in (a) and multi photon ( 4 photons in this case)
ionization in (b).

1.5 Plasma De-Focusing

The plasma generated from intense laser beams serves to counteract self focusing

and reduces the index of refraction. The change in the index of refraction according

to [22] is
p(7,t)
~ — 1.9
n no 2pc ) ( )
where
somer
po= T (1.10)

or the critical plasma density ( plasma is opaque ) and p(7,t) is the density of free
electrons,m. and e is the rest mass and charge of an electron respectively. Lowering
the index of refraction causes several things to happen at once. One aspect is it
increase the divergence of a beam, which behaves just like a negative lens. Since this
is a function of plasma density (which is a function of intensity) the leading edge
of a pulse will experience less divergence than the trailing beam which prevents the

beam from complete collapse from Kerr lensing.
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I(r)

Self Focusing Defocusing Focusing Defocusing

Filament Geometric Focus

Figure 1.3: Balance between Kerr lensing, and plasma defocusing. The intensity in a converging beam is large enough
to focus a beam before its geometric focus which in turn causes ionization and a plasma channel. This plasma channel
causes the beam to diverge and the process repeats.

1.5.1 Solitons

In the simplest models, the medium response is considered instantaneous. Neglecting
any dynamics, one can derive an equation leading to the transverse beam profile,

assuming steady state condition. Beginning with Maxwell’s equation,
2 MG jwt—k 2
Ay + 02 = 0% Eelwt=hz) — 11,02 Py, (1.11)

and observing

07 — —w? (1.12)
the nonlinear polarization is independent of travel, or stationary,

w? 2
2Py = —C—2X<3>|5{ £ (1.13)

Neglecting other nonlinear effects, Eq. (1.11) shows that the polarization is dependent
on the Kerr effect. Assuming cylindrical symmetry allows for coordinate transfor-

mation and Eq. (1.11) becomes
. 9 1 2 CL)2 (3) 2
—2ik0.€ + 02,6 + =028 | = —5xP|E|°€ (1.14)
r c
rearranging terms

1 2
2ik0.€ = O%,€ + ~O%€ + ‘;’—2X<3>|5\25 (1.15)
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and introducing a plane wave solution
£ = Ee P (1.16)
and setting 2 scaling parameters

Radius : rg (1.17a)
ElectricField : Ej (1.17Db)

equal to the critical power so that Py, in Eq. (1.11) is equal to critical power
Ejr: = Py, = criticalpower (1.18)

yields the Townes soliton:

€ 1dE 2
ko€ = -5+ -+ [E]€ (1.19)

1.5.2 Nonlinear Schrodinger Equation in 1d

The generation of filaments is done with a Kerr lens mode locked seed laser that
is amplified to greater than 1.21 gigawatts! which is discussed later. To reach the
power needed the pulse train generates femtosecond pulses by balancing the self phase
modulation ns/ (intensity dependent nonlinear refractive index) and the dispersion
in the cavity. The end result is a pulse spectrally broadened and group velocity
dispersion that causes the wings of the pulse to separate. Group velocity dispersion
and downchrip taylor series expansion about the wave vector

(Q—w)’

k (Q) = ka0 + k‘{w (Q - w) + kgv 9

T (1.20)

The spectral field

g(Q - w) e kP
(1.21)

.11 —w)? ~ ) _ 29
%5(Q—w)e”kavp%%5(9—w) ll_MP

10
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ignoring the constant phase and group delay terms. Taking the Fourier transform

the dispersion of the electric field per round trip then becomes

ikl! P 9*] ~
{1— 5 @}S(t) (1.22)

Next the nonlinear index of refraction n = ng+nsl with a cavity of length [ the field

is modified each round trip as

C Ny

E(t) = ehvel & (1) [1 g L ‘Eﬂ (1.23)

and a safe assumption that the electric field is almost constant over an infinitesimal

distance

ol Y P) .
08 K"oE +f@i‘g

2
—_— = 1.24
282 2 0t2  cngP & ( )

set normalization terms;

k=w/c

T0 = k”/kﬁ

& =V (m) / (na2l)
u=_EJE

the nonlinear Schrodinger equation becomes

2
i ===+ [ulu (1.25)
z

1.5.3 IR Soliton

A solution to a 2nd order differential equation of the form Eq. (1.25) is the function
sech and by using the Townes soliton Eq. (1.16) such that

r
u = Asech—e"%* (1.26)

Ts

11



1.5. PLASMA DE-FOCUSING

and Eq. (1.25) becomes

t 1\? o1 ¢ t t
BAsech—e % = A (—) e~hz [ﬁsech— — sech® = | + A3sech®—e~%. (1.27)
T,

S 7—5 7_5 TS TS

The above can be cleaned considerable if the normalization factor 7, = 1/A and a

correction of 3 = A?/s is added to the wave vector then the first order soliton is:

u = Asech (At) e~ /2| (1.28)

This requires the factor Aty = 1 from the normilization term and the pulse area is

<1 t
0, = / —sech—dt = . (1.29)

—00 TS TS

Not normalizing Eq. (1.24) and setting K equal to the w term so that Eq. (1.24)

becomes
0E K OE? 2 ~

with the terms having the following units;

Z =1m
t=s
k/l:f
m
3
m
K=—.
A%

Following the derivation from the preceding section the soliton of order 1 is

~ 1 [k 1 _.» t
E=— ?Sech—e_”g 2/(262) — Egsech—e ™ 2/(282) (1.31)
TS Ts TS

with the substitution

k//
Eomi = || 7o (1.32)

12
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This leads to the ”x pulse” condition by integration of Eq. (1.31). The characteristic

distance,

™

Zs

is the phase shift of 7/2 over this distance. This shows that the soliton arises from
the condition where the Kerr effect is exactly equal to the dispersion resulting in a
wave that maintains its shape as it propagates. A soliton may also vary in frequency
as it travels and this can be captured by

~ IS 2 1" 2
Es = Epsech (t e — K sz) exp [z <Awt — K280 z— h éw z)} . (1.34)
Ts

1.5.4 Filaments of Different Wavelengths

As a high intensity beam above critical power starts to focus in the atmosphere, it
creates a low density plasma by multiphoton ionization. In the intense light field, the
photoelectrons will gain energy by inverse Bremsstrahlung [23]. The rate of energy
gain dW/dt depends on the optical frequency, being proportional to the square of the
wavelength. The accelerated electrons can collide with neutral molecules, thereby
increasing the plasma density by collisional ionization. This is the avalanche pro-
cess leading to full ionization of the medium. The additional influx of electrons will
perturb the delicate balance between self-focusing and defocusing that leads to a
filament. A filament equilibrium between self-focusing and defocusing by photoion-
ized electron before the electron density becomes dominated by collision ionization.
A characteristic parameter is the time required for the electron energy to reach the
ionization energy of oxygen. An estimate of the time scale for this process to occur
at 248 nm can be obtained as follows. The energy gain dF in a time interval dt due
to inverse Bremsstrahlung is [23]:

dFE 2] e?
o He 1.35
dt eocmeoﬂy ( )

13
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where [ is the beam intensity, w is the laser frequency, m, the electron mass and v;
is the electron ion collision frequency. The electron temperature (in eV) is plotted
as a function of time, when submitted to a constant laser field of 0.5 TW/cm?, at
the wavelength of 266 nm. v,; = 1.07 x 10! s7! .The time interval At for which the
electron reaches the ionization energy W; through inverse Bremsstrahlung is, from

Eq. (1.35):

€0CMew?

2[1/61'62

(1.36)

Since the ionization potential of oxygen is 12.2 eV, we estimate that the longest pulse
duration that can be used at 248 nm is 4 ns. This limit is three orders of magnitude
shorter in the infrared because the IR intensity is 2 orders of magnitude higher and

the wavelength a factor 3 longer.

1.5.5 UV Solitons

Section on UV solitons.

2

Ay + 02, — %a@ Eeliwt=hs) — (1.37)
92— —w? (1.38)
n=mng+nsl —An (1.39)

where dn is no due to the plasma diffraction

~ ~ 1 .~ 2 ~
{—2@/@5 + 92.€ + ;838] = —t—22n0 (nol — An) & (1.40)
a5 o Loox W ral

Setting some normalization terms so that
n
Eo= = (1.42)
U

14
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X = kr (1.43)
£ =& Pe" (1.44)
d’E,  1dE, 2
2 = — — 1.4
ﬁsgs dX2 X dX + ‘85| 85 f (gs) gs ( 5)

Zhao et al. [10] fit a filament profile to the solution of Eq. (1.45) using

dN,

= Noo® I3 — B.pN? — 4N, (1.46)

with the values

o = 2152107 ¥ emCs )3 (1.47a)
B = 1.3x10"*m?s ™2 (1.47b)
= 1.5210% 2 (1.47¢)
(1.47d)

o o o
£ (=] [:-} -

Normalized Intensity

o

Position (um) )

Figure 1.4: Normalized Intensity vs radius with position um and Power = 500 MW so that intensity is 13.8 x P.r.
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1.6 Filament Propagation Models

There are several models that describe the propagation of filaments which have a
common characteristic. Each of the models depends on the critical power and the
Kerr effect at P > P,..;. How each models differs depends on which point of view
an observer takes. In the case of a stationary observation, where the conglomerate
effects are observable, this is described by the moving focus or self guiding models.

Or the observer can ride along with the pulse and describe the moving focus model.

When considered in terms of Kerr lensing ( increase in refractive index) the
leading edge and the trailing edge of a pulse experiences different indices of refraction
since the leading edge increases dn for the trailing edge. If the intensity is allowed to
increase so that next higher order term in a Taylor series expansion of dn becomes
comparable to ny. When these two effect balance each other ( sign of this term is

negative), we arrive at the simplest model [7].

This concept can be extended if self focusing constricts the beam until photo-
ionization is allowed to become a competing process. The rate of multi-photon
ionization is proportional to the nth power of a pulse with n being the minimum
number of photons required to ionize a material [24]. The self guiding model [25] it-
erates between self focusing and plasma defocusing. Increasing the intensity through
self focusing increases the concentration of photons leading to larger rates of multi-
photon ionization which generates a plasma and will cause dn to become negative.
This causes the beam to begin diverging and consequently the intensity lowers so
that the rate of plasma generation starts approaching zero. If there is enough resid-
ual intensity, the process can begin again with self focusing re-focusing the beam.

This is illustrated in Figure 1.3.

16
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Z= Ct

Figure 1.5: Illustration of the evolution of a spatial replenishing beam. The top shows the initial state leading to
defocusing in the middle. The bottom shows the nth iteration of focusing before termination.

1.6.1 Spatial Replenishment

Spatial replenishment is a dynamic simulation that models the evolution of filamen-
tation. The cyclic focusing/defocusing introduced above is a simple overview and a
more complete theory was proposed by Mlejnek et al. [26-28]. Once a converging
beam reaches an intensity sufficient to generate a plasma, differing processes begin
to occur simultaneously resulting in the net effect of defocusing. The leading edge
of the pulse which generated the plasma, causes the trailing edge to defocus while
multi-photon absorption causes the leading edge to defocus. Before parasitic losses
terminate the filamentation cycle the energy in the expanding beam becomes a spa-
tial reservoir of energy sufficient to cause self focusing. The numerical simulations
of this theory allow the exploration of filamentation in the part of the beam where

experiments cannot measure the beam directly.
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Figure 1.6: Illustration of the evolution of a spatial replenishing beam. The top shows the initial state leading to
defocusing in the middle. The bottom shows the nth iteration of focusing before termination.
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1.6.2 Moving Focus

Shen et al. proposed a moving focus model that is applied to filamentation [29].
Their theory treats the beam as a stratified object, where each longitudinal layer
has an independent geometric focus. Furthermore, as the beam propagates and
converges these strata for a chain of foci fueling the filament. It was never a complete
model as it ignored. There was difficulty in observing this experimentally because
a converging beam would generate filaments in the hottest part of the beam, and
before the geometric focus. Placing any instrument here would interfere with the
process, which led to the introduction of an aerodynamic window by [5] proved that

model was wrong and will be explored in 2.2.
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Chapter 2

Experimental Apparatus

2.1 Introduction

This chapter contains the major components used in this thesis. It begins with the
explanation of the aerodynamic window, an invaluable and unique device that forces
some stability on the chaotic formation of filaments. It is followed by a description of
the commercially available chirped pulse amplification system, the Coherent Hidra.
Next, a short description of the principles of the streak camera used extensively in
chapter 3. Finally, a section on the various spectrometers used in this thesis are

presented.

2.2 Aerodynamic Window

Owing to the peak power on the order of terawatts, it is next to impossible to
take an in situ measurement of a pulse’s characteristics near the focus of a beam.

A compounding factor is that filamentation is a nonlinear process that has some
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intrinsic statistical behavior on the initiation, length and number of filaments that
show up in the farfield of a beam that drifts position from shot to shot. A concise
walkthrough of the filament dynamics is along the lines of the following. A prepared
pulse is directed to the test area as a collimated beam, where it is focused. Sometime
during the convergence of the beam, at or above the ionization threshold of the test
medium one or more filaments can be generated. Other filaments are sometimes
generated after the initial group as long as there is sufficient energy and unoccupied
space. As the beam diverges with the intensity still above the ionization threshold a
region of space could be made available because the termination of an earlier, shorter

filament leading to more filaments. Elimination of any filaments in the converging

7.00e+02
6.30e+02
5.60e+02
4.90e+02
_ 4.20e+02
3.50e+02
2.80e+02
2.10e+02
1.40e+02

7.00e+01

0.00e+00

Figure 2.1: Computational Fluid Dynamics simulation of the pressure gradients in side the aerodynamic window.
Black line denotes beam path.

beam would greatly simplify experiments and lead to a general understanding of
filamentation and its associated phenomena. For lower intensity lasers, it is possible

to focus the beam in a vacuum chamber with an exit window which would remove any
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undo influence during the converging of the beam. This is not an ideal situation for
2 major reasons. First, the window and eventually the coating would most likely be
damaged due to peak intensities and coatings would probably make it prohibitively
expensive. Second, the nonlinearity of the glass will dwarf the effects in air and would
alter the characteristics of the beam and make free space focusing incomparable. The
solution would be to devise a system where air is the window between vacuum and

atmospheric pressure.

This exact solution was achieved by Diels et al. with the use of an aerodynamic
window [5]. The aerodynamic window is a bent converging-diverging nozzle also
known as a de Laval nozzle. Its shape is analogous to a pinched tube with an
asymmetric hourglass which is used extensively in rocket engines. At the top left
of Fig. 2.1the entrance to the window takes stagnant air flow and compresses it in
the throat of the converging diverging nozzle. Here pressure is converted to motion
as the compressed air accelerates through the throat. As the nozzle diverges the
compressed air expands accelerating to supersonic speeds. The supersonic speed
here is the crucial step. The shock wave of the supersonic flow can be thought of as
a standing compression wave and the curvature of the aerodynamic window forces
the air against the wall thereby forcing the pressure at that point to be in the realm
of an atmosphere. The compressed air would expand isentropically and compression
would occur on opposite side walls. The curvature serves another purpose on the
opposite side. It creates a rarefied region as the momentum of the air separates from
the wall and carries it out into the body of the tube. A vacuum chamber is attached
to the low pressure side (areas in dark blue see Fig.2.1) and evacuated. The system

can be thought of as a venturi pump.
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Vacuum Chamber

Lens

Aerodynamic
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Figure 2.2: Diagram of the experimental use of the aerodynamic window and a chirped pulse amplified (CPA)
femtosecond pulse train.

2.2.1 Grazing Incidence Plate

Now that it is possible to have a direct comparison between vacuum focusing and
focusing in air, ”It is therefore possible for the first time to distinguish between
phenomena resulting from the ”preparation phase” of filaments (self focusing of a
macroscopic beam in air) and the ”waveguiding phase” (dynamic balance between
focusing and defocusing) ” [5]. There is a similar problem as mentioned above with
inserting a window in the propagation path of the beam, that of attenuating the
power of the beam such that there is no damage to any equipment. Chalus et al.
placed a UV high reflecting mirror at grazing incidence to achieve an attenuation of
105 without damage to the mirror allowing the beam profile to be observed while

creating filaments with a UV laser [30].

A glaring issue arises by attenuating the beam in this fashion. Due to the high
peak intensities and large bandwidth in an ultra short pulse, it is very important to
consider the S and P components of the Fresnel coefficients vs the wavelength. The

table in 2.1 shows the transmission vs the wavelength.
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Figure 5.23: R(12) Self absorption as a function of power and pressure
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Figure 5.24: R(14) Self abortion as a function of power and pressure
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Figure 5.25: R(16) Self absorption as a function of power and pressure

103



5.5. CONCLUSION

5.5 Conclusion

We have performed high resolution spectroscopy of N3 emission X (v = 0) < B(v =
0) in a pump-seed setup, using ultrashort pulses. By careful measurements of the time
dependent emission from well identified rotational lines, we observe the coherence
involved in obtaining gain from nitrogen molecular ions created by ultrashort high
energy laser pulses. Our study suggests that the transition between high gain and
low gain, in pump seed studies, could be due to a loss of coherence in the system.
This loss of coherence can be due either to collisions, or to the varying field evolution
as the electrons and ions evolve towards a steady state plasma [88].The gain survives
for up to 150 ps (even at atmospheric pressure) when the phase relation between
individual emissions is lost. Resonant stimulated Raman scattering is responsible for
the transients of the gain in the medium. When the phase of the levels is preserved
this gain is further enhanced by coherence in the system. This effect is further
enhanced at times corresponding to the rotational revival of the molecules, in which
various rotational states are in phase. Our study suggests that coherent control of
the rotational states in the molecular ion may result in control of the brightness of

such emissions.
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Conclusion

Several experiments are discussed in this thesis. First a streak camera enabled the
recording of a motion picture of the plasma emission at various wavelengths. This
technique the length, speed and lifetime of plasma created with a variety of focus-
ing geometries were made possible with the aerodynamic window. The elimination
of nonlinear distortion leading to the precise determination of the starting point of
the filament was the driver of successful imaging. These data showed for the first
time that the emission is delayed by tens of ps with respect to the excitation, an
observation confirmed by later experiments. Using high precision and high resolu-
tion spectrometers (one of which was built by the author) direct observation of two
symbiotic gain mechanisms in lasing in air shows that this is a lasing process that
occurs without a population inversion. This is evidenced by the gain of individual
rotational lines (J dependence) as a function of delay. There is a fast modulation
and decay observed that is different for each J. The overall emission of the 391 nm
system is much longer than what it would be if it were due to population inversion.
Self absorption and self broadening were observed on all rotational lines, dependent
on the particular rotational J line number. It was also shown that at intermediate

powers the emission from the N, lines was absent, unless a secondary pulse was sent
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through the medium. This is a clear proof that we are observing gain, as opposed to
spontaneous emission. At the highest power available with the laser, self seeding of

that gain was observed. That is, the ion emission from N, was observed.
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Future Work

A follow-on work on the imaging filament plasma characteristics using a streak cam-
era would involve redesigning the aerodynamic window such that the origin (starting
point) of the filaments could be imaged. As it stands now, the top plate of the aero-
dynamic window is solid aluminum and it is not possible to see what is occurring
in the supersonic air flow. Other experiments would be to use filters and possible
a monochromator to visualize the multiphoton ionization, dissociation, excitation,
decay and the evolution of the plasma created in the wake of an ultrafast electric

field.

Other spectroscopic studies on lasing in air would be to use a spectrometer like the
Demon with its much greater spectral resolution, but one that has a larger spectral
range. This would allow a better comparison between the P and R branch because
the P branch lines are stacked on top of each other. One possible experiment would
be to pick certain line in P and utilize a scanning Fabry-Perot or etalon to resolve a

line or lines in the branch head.

Other experiments to attempt would require higher repetition rates or more en-

ergy because at 10 mJ or higher self seeding is possible and a pump probe experiment
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might shed more insights on the gain mechanism in air lasing. In the pump probe
experiments the second harmonic is generated from the pump beam. The ability to
individually tune either wavelength so that the air lasing could be optimized would
be a productive step in being able to control this process. Coupled with higher ener-
gies, higher repetitions rates and using separate lasers for the pump and probe would

be the way forward to the implementation of using air lasing for remote sensing.
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Appendix A

Electromagnetic Propagation

The propagation of electromagnetic waves are described by Maxwell’s equations,

—

V-B=0 (A.la)
v E="2 (A.1b)
€0
. E .
V x B = ,uoéf()aa—t + /L()J (AlC)
. 8B
E=—— Al
V X 5 (A.1d)

which describe the microscopic behavior of a time varying electric and magnetic field
in empty space. The most interesting effects Maxwell’s equations arise when the

fields interact with matter and substitute the material response,

L= A2
=22 (A20)
yiC) (A.2b)
Ho
H = ppuoB (A.2¢)
D = e,e0E (A.2d)
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and rearrange Eq. (A.la-d) into a more usable form which becomes,

V-B=0 (A.3a)
V-D=p (A.3D)
. 9D -
s Al
V x H T +J (A.3c)
. 0B
E=__ A.
V x T (A.3d)

For now, assume that there are no free charges and any currents are zero, and with
the application of the vector identity V x (V x A) = V(V - A) — V24 to Eq. A.3c
and A.3d,

1 ’E

22 _WE =9 A4
v2 Ot (A.4a)
1 9°B S
VB =0 A.4b
vz Ot? ( )
where the phase velocity of a propagating electromagnetic wave
2 1
k k vV HolrEQEr
and
2 2
pom ol (A.6)
A Up Up

is dependent on the frequency of wave. In a nonlinear regime, a pulse of light
experiences a distortion in its spectral and temporal shape as it propagates. A

Taylor series expansion of k in terms of w at the center frequency of the pulse yields,

k(w) = ko + g—f}(w —wp) + %%(w —wp)® + é%(w —wp)® + ... (A7)
where,

g_f} (A.8a)

% (A.8b)

% (A.8c)

110



Appendix A. Electromagnetic Propagation

Eq. (A.8a-c) is inverse of the group velocity, the group delay dispersion and the third

order dispersion [16] respectively. is related to the physical constants gy and .
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Appendix B

Polarization

The velocity of light in a transparent medium is a result of the interaction of the
medium’s electrons and with the incident photons. When a transient electric field
propagates through a material the bound electrons are displaced as induced dipoles.
The total field in such a case is the sum of the applied field and the resultant induced
field in the material. We can rewrite Eq. (A.2a) as €, = x.+ 1 modifying Eq. (A.2d)
to reflect both of these fields resulting in the formulation of the electric displacement

field,
D =¢e,e0F = co(xe + 1)E = eoE + P (B.1)

The ratio of the applied electric field to the induced dipole moment of an isotropic

material is described by,
p=oak (B.2)
where « is the molecular polarizability. In general a has the form,

Ogy  Qgy Oy

o =

(B.3)

Qyz Oy Oy

Qo Qzy Oy
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with the off diagonal elements equal to zero when the dipole response is symmetric

in all directions.

When the molecular polarizability is extended to the bulk properties of a material

the polarization changes in an infinitesimal volume

S dp
P=— B.4
av (B4)

or the polarization per unit volume. Furthermore, the polarization arises as the
ensemble average of the induced dipoles in proportion to an applied field. The

electric susceptibility, y. is then proportional to the number density N and «
Xe o Na. (B.5)

In isotropic materials, the electric polarization density has symmetry that allows the
dipoles to be induced in the same direction of the applied E and this reaction is

described,
P= €OXeE- (B.6)

For anisotropic materials x. is not in alignment with the direction of E then the

polarization density response becomes
3
j=1

A time dependent electric field induces electronic oscillations resulting in a time
varying polarization of the material. The polarization of the media cannot, in general,
respond instantaneously. As such, the time from E applied at time ¢’ to the delayed
response at t, the polarization becomes a convolution of x.At with y, = 0 at At =
t—t <0and E ,

o0

Bt) = 2 / Yot — VB () dt. (B.8)

—00
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Appendix B. Polarization

If the application of an electric field is shorter than the response time of .

o

P(t) = & / 5(t —t)xE(t)dt (B.9)
Using the properties of Green’s functions and taking the Fourier transform on Eq.

B.9 yields a dispersion relationship of the polarizability
P(w) = goxe(w)E(w). (B.10)

Large electric fields can cause the material response to saturate in a nonlinear fashion
as the electronic interaction with its neighbors is no longer negligible. This leads to
a distortion in the polarization fields and becomes apparent with a power series

expansion of the polarization density

P="F+ (B.11a)
3
j=1
3 3
g0 Y. Y XOEE+ (B.11c)
j=1 k=1
3 3 3
j=1 k=1 I=1

Py = 0 in Eq. (B.1la) except in the case of ferroelectric material. The second
order y term in Eq. (B.11c) is responsible for optical rectification, second harmonic
generation, while third order y term in Eq. (B.11d) give rise to third harmonic

generation and intensity dependent index of refraction or the Kerr effect [16].
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