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CHAPTER 1: Introduction

Abstract:

Intense Femtosecond pulse propagation in air leads to a highly dynamic
phenomenon called filamentation. The thesis discusses filamentation in air and the
various aspects of filamentation which arise from the long range highly intense
propagation of femtosecond pulses. This chapter briefly discusses generation of
intense femtosecond pulses and the nonlinear phenomenon that arise during the fs
pulse propagation in a medium leading to the formation of filaments. The prolonged
propagation arising due to the dynamic interplay between the third order material
response to the electric field and the plasma build up is a home for many non-linear
processes. The electromagnetic propagation equation was used to account for the
multiple processes that arise during filament propagation such as multiphoton
ionization, Kerr self-focusing, self-phase modulation, higher harmonic generation and
absorption. Filamentation is a highly dynamic regime because of which simulation
alone cannot help understand the processes in filamentation which can be modulated
or enhanced. We have therefore attempted to empirically characterize filaments
generated under different input laser properties and correlate them to the
corresponding emissions from filaments. This chapter establishes the basis and
motivation for the thesis which is to holistically characterize filamentation with a goal

towards important applications such as remote sensing.

1.1. Laser background

For a large part of history, light has mostly been used to illuminate and observe. The
discovery of the laser in 1961 was a landmark for the multidimensional explorations and
applications that coherent light from the laser brought about [1].Presently, optical or laser
based devices exist in almost every aspect of our domestic and industrial footprints [2,3]. Laser
driven research has broken barriers in communication, micro-structuring, surgery, ultrafast

studies and remote sensing to name a few [4-10]. Exciting discoveries such as that of the
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discovery of gravitational waves was made possible by a large but simple Michaelson

interferometer and a highly stable monochromatic laser complimented by precise and sensitive
optical elements and detectors (LIGO — Laser Interferometer Gravitational-Wave

Observatory) [11].

While extending our imaging ability and dynamics studies to a molecular level, lasers
are also able to sustain and deposit high powers [12-14]. Micro-structuring and remote sensing
are some of the applications that have found great development with the arrival of high power
lasers [15, 16]. Precise spatial and temporal energy localization are some of the key attributes
that help in micro-structuring, whereas the ability to propagate large distance without
dissipation and mode distortion facilitates remote sensing abilities when supported by
quantitative and qualitative spectroscopic studies. The high power levels achieved here can be
from continuous wave lasers or pulsed lasers, which vary in the mechanism of amplification.
Pulsed lasers give us the ability to localize energy temporally which not only helps save energy
while achieving high peak powers but also provides us with tools of ultrafast imaging and
spectroscopy [17]. Although pulsed laser applications and research has gone a great distance,
the development does not appear to saturate in the near future due to the ever growing need
as well as the scope of these ultrafast lasers. In this thesis, we intend to expand our
understanding of the propagation and sensing ability of an intense femtosecond laser
particularly in ambient atmosphere where we observe the highly dynamic regime called
filamentation. The peak power and short timescale characteristic of these pulses facilitates

fascinating and unprecedented phenomena which are both enlightening and empowering.

1.2 Ultrafast lasers

The first breakthrough for pulsed laser generation came about in the form of Q-
switching [18, 19]. One could generate pulses in the order of nanosecond timescales and deliver
megawatt peak power. Q-switching of the laser is done by modulating the laser cavity losses
as to suddenly ‘switch’ the quality factor or Q-factor for a sudden outburst of energy. We can
produce intense pulses longer than 1ps using this technique. The discovery of mode-locking
pushed timescales much lower beyond the picosecond timescales into the femtosecond regime
[20]. The discovery of modelocking by locking all the multiple resonator cavity modes in phase

to give an ultrashort pulse produces pulses in the order of femtosecond, which could be
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amplified using the chirped amplification technique thereby generating intense ultrashort

pulses. It is accepted that these pulses which are less than one picosecond can be considered
as ultrashort pulses enabling ultrafast phenomenon. Early femtosecond lasers were built using
various dye solutions as an active gain medium. The broadband fluorescence (> 100nm) of the
dyes when suitably excited and the tunability over a large bandwidth make them very attractive
for building ultrafast lasers. But dye lasers present operational challenges associated with
circulation of the dye (plumbing and cell maintenance) as well as the stability of the dye
molecules (photo-bleaching) for long term operation [21]. This challenge was overcome
through the discovery of Chirped Pulse Amplification and discovery of Ti:Sapphire as a gain
medium. With CPA, the pulse is amplified after it is ‘stretched’ and then ‘compressed’ just
before exit [22]. CPA has therefore given access to high power femtosecond laser pulses,
which exist for short timescales (~fs) and carry much higher powers (~GW), by compressing
energy of the order of mill joule to a few femtoseconds. The evolution of the laser is shown

in the figure 1.1.

1 exawatt —y —
J Petawatt lasers?
zul laser L
1 petawatt — terawatt o
laser
Ias<
1 terawatt — \ /
o Q-switching N\ L
§_ invented _ T2 laser s
® 1gigawatt —
a o ; \ invention
8 s of CPA
X laser
o f
1 megawatt -{ | 4
[ ]
" N amplified
1 kilowatt — !’ femtosecond
[/ mode-locking dye lasers
" invented
1 watt T T r - : :
1960 1970 1980 1990 2000 2010
year

Figure 1.1: The evolution of pulsed laser and major landmarks in laser discovery
(https:/ /www.americanscientist.org/article/high-power-lasers).
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Femtosecond pulses being the fastest man made event when they were first discovered,

can assist studies of molecular dynamics and also inhibit chemical processes which occur in
the tens to hundreds femtosecond scale. This low temporal extent of femtosecond lasers also
assists in microscopic imaging and microfabrication. Multiphoton fluorescence studies which
are made possible by ultrashort pulses also facilitate much smaller interaction zones [23]. As
the temporal duration of the femtosecond pulses have large bandwidth due to the uncertainty
principle which states that the spectral and temporal spreads are inversely related, a 100 fs
pulse has a bandwidth of 10THz, there are much shorter ultrashort pulses (<2fs) whose
bandwidth covers a whole octave because of which we call them white light lasers [24]. The
concentration of mill joule energy into femtosecond timescales increases the peak power to
the order of terawatts. Femtosecond lasers can now generate Petawatt (101> W) powers and
can achieve immense intensities (1020W/cm?) [25, 26]. In these regimes we are able to do
ground breaking experiments which were not possible due to the lack of access to such high
intensities. Some of the exciting works that are being done with these lasers are higher
harmonic generation of pulses providing lasers in XUV and table top particle accelerators [27,
28]. We can therefore access extreme perturbations in laser matter interactions, the figure 1.2

shows the different regimes of interaction available due to intense ultrashort lasers.
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Figure 1.2: Different perturbative regimes accessed by intense ultrashort laser pulses
according to the focused intensity that can be accessed [29].

Ultrafast lasers have found applications in a variety of interdisciplinary and

fundamental endeavours. The ultrashort timescale, high degree of coherence and temporal

4
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repeatability of these lasers has helped characterize high speed electronic devices and build

highly precise clocks [30]. The femtosecond scale time duration is used for ultrafast imaging
of high speed events and in ultrafast chemistry for both observation and probing of many of
the molecular level processes by using specially engineered pulse trains (double pulse or
frequency modulation) [31, 32]. Laser plasma interaction is possible even in low density matter
like air due to peak intensities exceeding ~1013W/cm? Multiphoton ionization and tunnel
ionization are the dominant plasma generating mechanisms in these time scales. The ability to
propagate large distances has not only encouraged research towards application in free space
communication but also in remote sensing as one can deposit a large amount of energy in the
form of filamentation in a distant spot while at the same time create a broadband laser source
that can excite a variety of atmospheric species [33]. Femtosecond lasers are also being applied
in the medical field for multiple non-invasive diagnostics and surgery. Micromachining and
microstructuring is looking towards femtosecond lasers due to the minimal heat deposition

and micrometre level accuracy.

The laser used in our experiments compressed 2.5m] of energy into ~50 fs, providing
us with a ~50 GW peak power and peak intensity of ~10""W/cm? in vacuum. At these
intensities (TW/cm?) accessed by our laser, perturbative nonlinear optics applies and the
motions of bound electrons that mediate important laser—matter interactions are viewed as
instantaneous. By scaling up the amplification techniques we can obtain petawatt range peak
power lasers which provide even higher intensities (~102°W/cm?) where the electric field is
more than the interatomic field in which case the instantaneous bound electron response does
not apply, we observe high harmonic generation of XUV and X-Rays when propagated
through inert gases. This coherent generation of low wavelength facilitates the white light laser

and attosecond pulse generation [34].

1.3 Filamentation of laser pulses

The highly dynamic nature of intense ultrashort pulse propagation is due to multiple
competing linear and non-linear light-matter interactions coming about under high intensity
ranges of TW/cm? occurring in time scales of femtoseconds [35]. The non-intense regime of
temtosecond pulse propagation alone undergoes many propagation effects like dispersion and

diffraction which we consider as linear effects [36]. As we increase the energy of the pulse the
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electric field in the pulse becomes comparable to the interatomic electric field (~10? V/cm)

because of which light matter interactions get perturbed much beyond the first order or linear
terms. We can understand these perturbations by taking into account higher order terms of

the non-linear material response to electric field relation,

P(E) = ¢e(xVE + yPEE + y®EEE ......) (1.1)

One of the first nonlinear effect that comes into play is the Kerr self-focusing effect, a
consequence of the third order nonlinearity in the polarization induced by an electric field
which induces a refractive index proportional to the spatial and temporal intensity distribution
of the pulse. As the pulse has Gaussian spatial intensity distribution, it induces a lens like effect
which causes the beam to ‘self-focus’ leading to the collapse of the laser beam until plasma
build up cancels the effect. We do not observe any non-linear effects due to the second order
nonlinearity because air is a centrosymmetric homogenous medium and does not contain
consistent molecular asymmetry to facilitate second order nonlinear effects. The Kerr self-
focusing effect gets saturated with the onset of plasma which gets created because of the high
density of photons creating a defocusing effect on the laser beam. The dynamic interplay
between these competing nonlinear mechanisms forces the laser beam to be collimated in a
thin channel of a few micrometer thickness. This highly intense confined propagation of the
laser beam is called filamentation. The laser beam travels in this regime for distances far
outlasting the Rayleigh range providing us with considerable medium and light interaction.
This behaviour of the propagation provides us with a strong tool to efficiently probe various
distant media and study them at different distances. Figure 1.3 shows the process of

filamentation. The dotted line indicates the focusing profile under linear focusing.

Linear focusing profile

Plasma defocusing _---"~

- -
- -
- ’ X\___

Kerr Self—\]ocusing‘ Tl
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Figure 1.3: Kerr self-focusing and plasma defocusing leading to Filamentation.
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The change in the refractive index from linear refractive index (#9) due to the Kerr

effect is given as a function of intensity () by the relation,

n=mngy+ n,l (1.2)

The non-linear refractive index n is calculated from the third order susceptibility (y) as,

3
n, = anfoc)((3) (1.3)

Where € is the permittivity of free space and c is the speed of light in vacuum. For a
freely propagating pulse we can define the critical power (P,) at which the self-focusing effect
exactly balances the diffraction effect, this is found by equating the diffraction length to
distance at which beam diameter becomes 1/e times of initial pulse due to self-focusing. P is
therefore a quantity to characterize the non-linearity in the medium and minimum power for

filamentation to overcome diffraction effects given by the relation,

_ 3.777%
B 8mngn,

(1.4

cr

The self-focusing distance i.e. the distance at which a freely propagating beam collapses

on itself was found analytically and can be given by the relation,

0.367ka?

<<(P/Pcr)1/2 — 0.852)2 _ 0.0219>1/2

The plasma build up with increase in pulse intensity has an opposing effect to the pulse

o (1.5)

propagation and the plasma density influences the refractive index according to the equation

_pnt)
2p,

P (r2) defines the spatial and temporal plasma distribution and p. is the critical density of the

n(r,t) = ng (1.6)

medium defined as the density where the plasma frequency is equal to the electromagnetic

wave frequency given by,

mew3
4me?

The plasma generation mechanism is predominantly by multiphoton Ionization in air

e (1.7)

because the mean collision time in air (300-800 fs) is much larger than the pulse duration for
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ionization mechanisms to be Inverse Brehmsstahlung ionization or Avalanche ionization.

These two non-linear effects facilitate long range intense propagation of pulses over distances
many orders larger than the Rayleigh range. This intense regime of propagation is home to
numerous other non-linear processes like Self-phase modulation, conical emission, higher
harmonic generation and mechanical wave generation (shockwaves) to name a few.
Filamentation study therefore is capable of exploring a different paradigm of nonlinear optics

which can be specialized to many other exciting directions in research.

1.4 Ultrashort pulses

The generation and application of ultrashort pulses requires knowledge of laser
functioning and physics that governs the electromagnetic nature of femtosecond pulses. We
first establish the physics that governs intense laser propagation and in the coming chapters
discuss the laser operating mechanism. The physics is vital since the femtosecond pulse not
only contains a broad spectral distribution subject to dispersion, but also propagates at an
extremely high intensity inducing multiple non-linear phenomena [37]. Therefore in this
section we incorporate an intense femtosecond pulse into the electromagnetic propagation
equation in homogenous dielectric media derived from the Maxwell’s equations [35]. This
helps us understand the intense femtosecond pulse propagation and effect of linear and
nonlinear matter interactions defined by the media and further attempt to incorporate such
effects to simulate filamentation. The theory discussed describes in two steps: firstly, linear
laser matter interactions and secondly, inclusion of higher order non-linear terms. These non-
linear phenomena define the propagation dynamics of femtosecond pulses leading to

filamentation and subsequent emissions.
1.4.1 Gaussian pulses

The simplest and ideal form of a Continuous wave laser is a monochromatic plane
wave propagating in the z-direction. Its electric field will ideally have an infinite transverse

spread. The electric field (E) of this laser in that case can be defined by the equation,

E =E, exp(—i(k.z — w,t)) (1.8)



Introduction _

Where Ey is the Amplitude of the electric field which is constant in this case, £1is the
wave vector (scalar in this case), wo is the radial frequency, zis the coordinate in the propagation
direction. As we will mostly be working with the spatial and temporal intensity distribution of
the pulse we will refer to the electric field amplitude E, as E in the rest of this thesis. In
physicality, a laser most commonly has a Gaussian spatial profile because it is an outcome of
the lowest order mode in a waveguide. Therefore the electric field amplitude (E) will have a

transverse spatial distribution can then be given by the equation,

r?  ik,r?
E(r,z=0) = E,exp Evie 2f (1.9)
o

Where, ris the transverse radial coordinate of the laser profile and fis the radius of
curvature of the wavefront in case there is a lens at the outlet of the laser. This treatment of
the laser will now undergo diffraction because the laser is now a monochromatic laser of
multiple plane waves with slightly varying wave vectors. The propagation in a medium with
non-negligible diffraction effects will cause the laser to diverge. A laser pulse being an
electromagnetic pulse, can be mathematically represented as a Fourier integral of a

superposition of a set of plane waves propagating in the z-direction in the form,

[0¢]

E(zt) = f Ey(w,t) exp(i(wt — kz)) dw (1.10)
0
g = @) (1.11)
c

This shifts the laser from a monochromatic regime to a broadband regime where linear
and higher order dispersion effects influence the pulse propagation significantly. The linear
and higher order dispersion effects are seen due to the frequency dependence of refractive
index. The refractive index therefore can be represented with higher order contributions using

the expansion.

dn 1d%n
n(w) = n(wy) + — (@ — wg) + 55— (0 — wy)?
dw 2 dw?
(1.12)
N 1d3n 5
6 dw? (w—wp)® ...

As one can see for a broadband pulse the refractive index is not constant because of

which dispersion can’t be neglected at least up to the second order (##/dw?). We can atrive at
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a constant time-bandwidth product for the pulsed laser depending on the temporal and

spectral profile of the pulse which limits the minimum broadband range and pulse duration
that can be achieved. The pulsed laser used in our experiment has a transform limited pulse
width of ~50fs which corresponds to a frequency range of ~30nm. A pulsed laser seeded by
modelocking has a secant hyperbolic temporal distribution which can be approximated to be
a Gaussian pulse as their distributions are similar. This helps treat the femtosecond pulse as a
Gaussian distribution both in space and in time. The combined equation for a propagating

femtosecond pulse in time and space in vacuum can be given by,

% ikyr? o t?
E(r,t,Z=0)=E0exp —E—T—(l-FlC)t—z (1.13)
0 p

Where # is transform limited pulse duration and C is the Chirp parameter, which
induces a quadratic phase in the pulse when it has a non-zero value. Chirp of the pulse will be
discussed in more detail in the coming chapters (Chapter 3). The second order dispersion term
(3" term in equation 1.12) induces chirp in the pulse because of the quadratic phase that it

induces into the frequency distribution of the pulse.
1.4.2 Ultrashort Propagation equation from Maxwell’s equation

As the pulse undergoes many effects, simulation of such effects needs to account for
all the factors that take part in intense pulse propagation. We can incorporate 1+1 dimensional
simulation codes which are available to include dispersion, diffraction, self-focusing, ionization
and absorption in the propagation of these pulses [35]. To understand pulse propagation one
needs to first start with Maxwell’s equations which define electromagnetic propagation in

media. The Maxwell-Ampere and Maxwell-Faraday equation show that.

0B
VXE=-— (1.14)
oD
VxB =y, <]+E) (1.15)
D(r,w,z) = €ge(W)E(r,w,z) + P(r,w, 2) (1.16)

10
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The electric displacement D is substituted in the Maxwell-Ampere equation and is

combined with Curl of the Maxwell-Faraday equation to give us the propagation equation

which includes the nonlinear material response,

1 62 t
2 / i ’
VZE — V(V.E) C—Zﬁjooe(t _)EGr ¢, 2)dt
(1.17)
_ aJ N d%p
~Ho\oe T a2
Can be written in the frequency domain as,
wn?(w
V2E —V(V.E) + C—Z()E = Uo(—iw] — w?P) (1.18)

This equation treats both forward and backward propagating components and also
resolves wavelength. However, simulation of this propagation equation requires large
computation time and resources. We therefore simplify this equation for better computation
without loss in integrity in the final solution. The above equation is first broken down by
separating the transverse coordinates from the propagation coordinates which leads us to

write,

V2E = (02 + V3)E (1.19)

As we consider the polarization and electric field to be perpendicular to the
propagation direction the second term, V[V.E) can be neglected for cases where the beam is

not strongly focused. The propagation equation in the frequency domain now becomes.

(02 4+ VHE(r,w,z) + k*(w)E(r,w,z) = —ugw?P(r,w, 2) (1.20)

The laser pulse can be considered to have a slow and fast varying component to the
electric field which can then be broken down so that the propagation of the pulse can then be
solved using only the slow varying component or envelope. The electric field can then be
written as E(r,t,z) = E(r,t,2)exp(ikyz — iwgt). The polarization can also be broken
down into the slow and fast varying components in the same manner. E (7, t, 2) is the slowly
varying amplitude of the laser pulse. The polarization term P will account for the linear and
non-linear material responses. On incorporating the Fourier counterpart of the Electric field

distribution relation in the above equation gives,

11
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62E+2,waE"_ AE— |k (w) o E w? P 1.21
0z2 lvgaz_ + @ vZ 0 S

This is a generalized exact equation defining the propagation of an electromagnetic
pulse. We can neglect the second order term on the left hand side as it is negligible compared
to the first order term. This approximation means that the amplitude is evolving slowly

compared to the electric field oscillation.

w
|0ZE| «< zv— |0,E] (1.22)
g

The second term on the right hand side of the equation can be written as,
w 2 w w w 2
k?(w) — (—) = 2—<k(a)) — —> + <k(w) — —> (1.23)
Vg Vg Vg Vg

By inserting this equation and neglecting second order terms, the equation in the

frequency domain is.

oF

7 o, W
% 2G)

. w\ A o2 1\ P
AE+i <k(w) - —>E +i(2) | = | = (1.24)
2(17_) €o
)

The second term on the Right hand side is dispersion relation accounting for all orders
of dispersion above the first order of dispersion. This is the equation that can help simulate
femtosecond pulse propagation even when the dispersion is taken up to the second order..
The above equation defines the linear propagation of a pulsed laser while including dispersion
and diffraction. With the inclusion of non-linear contributions to polarization such as Kerr
effect, plasma defocusing, multiphoton ionization and absorption, filamentation can be better
understood using the above equation. These terms can be added into the polarization
component of the above equations. The higher order medium response to the electric field is
what causes many of the nonlinear processes that we observe at high intensity like second
harmonic generation, sum/difference frequency generation, third harmonic generation, self-
focusing and self-phase modulation. Inclusion of the above terms in the polarization term
helps understand the influence of these terms. However, we do not observe second order

material response to electric field in air because air is a homogenous centrosymmetric medium.

12
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We therefore start observing higher order response from the third order at highly intense

propagation in air. To show the inclusion of the higher order processes in pulse propagation

we show Kerr self-focusing term which is due to the third order medium response to electric

field

The Kerr Self-focusing term arises from the third order susceptibility to polarization

which gives,

P=ex®E3 (1.25)
The simple case of a nearly monochromatic light pulse gives rise to two terms in the

polarization if E is taken as,

1 =] -~
E= 3 [Eexp(ikoz — iwgt) + E*exp(—ikoz + iwgt)] (1.26)

The E’ term in the nonlinear polarization relation becomes,

1 a2 ~
E3=°= [3|E|2Eexp(ikoz —iwgt) + E3 exp(i3kyz — i3wyt)
3 (1.27)
+c. c]

The first term in this expansion contributes to Kerr Self focusing which will contribute

to the polarization term in the following manner,

eoxP|E|'E (1.28)

The third harmonic component at 3w is discarded to discretely include the non-linear
terms separately. The inclusion of the third harmonic 3wp) term will be discussed in detail in
the coming chapters. When the Self focusing term alone is included in the propagation
equation for a monochromatic wave, it will include only the diffraction term without
dispersion (i), the propagation can be simulated using the equation,

oF

A E+ iR
9z 2k, LT T (1.29)

This section describes all the factors that come into play during the process of
filamentation such as self-focusing, plasma defocusing, dispersion, diffraction, ionization and
absorption. As these processes compete in femtosecond time scales we first need know the

different processes and then move onto understanding their dynamic behaviour.

13
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Understanding and simulation of the pulse propagation through the non-linear Schrodinger

equation approach shines ample light on the highly dynamic and unprecedented behaviour of

tilamentation [38, 40].

1.5 Motivation of the thesis

From the demonstration of long range propagation of fs pulses in atmosphere leading
to filamentation by Braun et. al. in 1995 [39], the applications of femtosecond filaments have
sky rocketed paving the way for accessing the novel regions which were inaccessible earlier.
The filamentation termed as “collapsing light” or “light bullets” has opened up surrealistic
advances associated with filamentation such as Filament induced Atmospheric monitoring
[40], Filament assisted population inversion and lasing in air [42], Filament assisted
precipitation[43], lightning discharge control [44] and attosecond pulse generation [45] to name
a few. Filaments generated using a terawatt femtosecond laser launched into the atmosphere
have demonstrated few kms of unperturbed propagation as shown in the figure 1.4. The cross
section in the figure also shows the formation of multiple filaments that form over the distance
of propagation. The high intensity provides an extremely efficient tool to probe and
characterize the gaseous media via filament induced breakdown spectroscopy [46] or in
ambient atmosphere [47]. The broadband Supercontinuum generated filamentation in a
transparent dielectric media by SPM is an efficient tool and can be used as a broadband
ultrashort source for transient Absorption spectroscopy studies used to study the electronic
relaxation of excited states in molecular systems [32]. The filament propagating in air can also
be a source in the RF and Terahertz frequency range where one can probe molecular
vibrational and rotational states [48]. The oscillation of ions along the propagation of the
tilament produces a conical emission in the radio frequency range (MHz-GHz) as well [49-51].
Filamentation displays several fascinating phenomenon and can be an efficient tool in multiple

exciting directions of fundamental and applied research.

One of the major challenges of fs filamentation physics is the precise characterization
of filament itself in terms of its intensity and plasma density owing to high intensity and short
temporal duration. Many efforts were made towards instantaneous characterization of
filaments using optical techniques such as femtosecond time-resolved optical polarigraphy

[52], ultrafast holography [53-50], and fluorescence imaging [57, 58] can capture individual

14
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pulse events at separated spatial locations over ranges much shorter than the length of a

filament. Non-optical methods such a sonography [59, 60] and high-voltage discharge [61] can
provide information over entire filament lengths but with spatial and temporal resolution

inferior to optical methods.

Figure 1.4: (top left) Filaments generated in atmosphere by propagating the terawatt
laser into the sky; (top right) Multiple filament spots formed when observing the cross
section of the beam after propagation [40]. White light filaments formed in air [62].
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We have used both optical and non-optical characterization techniques to define and

classify the various filaments generated according to the filament intensity, plasma density and
spatial extent. The optical emissions from the interactions of intense femtosecond pulses with
gaseous media and the mechanisms of emission have been vastly studied where these
emissions in a controlled lab environment help one to characterize the intensity of the filament
[63]. The non-optical methods include sonographic characterization of filaments. Using a
holistic understanding of filaments generated under different input conditions (Polarization,
power, focusing geometry, aberrations induced by the focusing optics, etc.), the emissions
from a femtosecond filament such as the Supercontinuum, Third harmonic generation (THG),
Radio frequency and acoustic emissions were studied and correlated. The thesis was largely

aimed at the viability of filamentation for remote sensing and directed energy applications.

The thesis starts with a brief description of the underlying mechanisms of filamentation
and the nonlinear processes associated with it. We then move on to discuss various
characterization techniques (both optical and non-optical) and the instrumentation that were
employed. The characterization was then applied to study filament behaviour under varying
focusing element induced aberrations so that one can further identify other spatial-temporal
distortions that influence filamentation [47]. Apart from the Supercontinuum that was
generated from the filament, we also found the existence of coherent UV emission via the
third harmonic generation of the fundamental frequency of the input laser. This UV emission
was characterized by varying the input pulse characteristics such as power, polarization, chirp
as well as focusing conditions [64]. The characteristic acoustic emission from the filaments was
also found to have significant modulations when acoustic profiling of the filaments was done.
These acoustic emissions were found to be an efficient tool in characterizing weak filaments
which can otherwise be challenging to be characterized by optical techniques alone [60]. We
have also demonstrated and reported the Radio frequency emissions from filaments which
once characterized can provide remotely generated electromagnetic pulses and imaging
techniques [62]. The thesis concludes by describing the future scope of filamentation in
gaseous media and insightful experiments which need to be performed to further our
understanding of intense laser matter interaction and advance the immeasurable application

potential of femtosecond filamentation.
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1.6 Organisation of the thesis

The generation, characterization and applications of femtosecond filamentation
studied from different approaches is discussed. These characteristics were used to control and
enhance the understanding into filament-matter interaction. The organization of the thesis is

given below:
Chapter 1: Introduction

This chapter discusses the mechanism of filamentation in detail. Starting from the
Maxwell’s electromagnetic wave propagation equation, we explain the non-linear light-medium
interaction of Gaussian light pulses in the femtosecond time scale up to peak powers of
gigawatt. Evolution of filamentation studies such as critical power and estimation of self-
focusing distance from CW to fs pulses was discussed. We then go on to discuss the non-linear
processes that come about during highly intense regime of filamentation. We then discuss the

motivation behind this thesis work and then go on to present the organization of the thesis.

Chapter 2: Details of experiment and calculations implemented

Femtosecond pulses were generated using a Ti: sapphire laser system (Libra, 4 W (max),
M/s Coherent Co.) delivering ~ 50 fs at the tepetition rate of 1 kHz and excitation wavelength
centered at 800 nm. Different parts of the laser that helped us to generate and tailor the fs
pulses are described in detail in this chapter. A single shot autocorrelator having a BBO crystal
was used to produce the pulse intensity profile from which we estimate the pulse duration.
Various diagnostic tools in the optical domain, acoustic domain and RF domain are presented.
The optical emissions from the filament were collected using three different spectrometers

according to the emission characteristics:

1) Kymera 328i spectrograph with an intensified 2D sCMOS detector ISTARsCMOS-
18U- E3, M/s. ANDOR) with a minimum gate width of 2ns.

2) Echelle spectrograph covers the spectral region of 220 — 880 nm with a resolution
of 0.1 nm at 500 nm and is coupled to an ICCD (i-star DH334T-18U-E3, M/s.
ANDOR) with a minimum gate width of 2ns;

3) USB-CCD spectrometet coveting over 200 — 1100 nm (M/s. Ocean optics Maya)
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The intensity of the filament and its electron density were estimated from the filament

induced breakdown spectral (FIBS) emissions in the optical domain.

For the longitudinal imaging of the filaments we have used, 1) CCD cameras for smaller
filaments, (SP620U, and Point grey GRAS20 from M/s. Ophir) and 2) a DSLR Nikon t4i

camera for longer filaments.

Another challenge is to understand the longitudinal distribution of E-filed along the
propagation of filament. To this effect we used an invasive technique, wherein the damage
caused on the surface of a bulk Al plate is studied to estimate the longitudinal evolution of the

E-field associated with a filament.

We have also analysed the acoustic emissions using calibrated microphone which has
a frequency response over 20 Hz to 140 kHz (GRAS 40DP, sensitivity of 1 mV/Pa) and a
dynamic range of 174 dB (re 20 uPa). The RF emissions were studied using co-axial antennas
and RH-799 broadband Diamond antenna covering a broad spectral range from kHz to 2

GHz.

Chapter 3: Spectral Anatomy of fs filament and the associated
super continuum emission: Effect of focusing optics and their

aberrations

This chapter presents experimental results aimed at studying the effect of aberrations
due to the focusing optics on laser filamentation in air and filamentation-assisted
supercontinuum emission (SCE). The properties that were used to classify the filaments were
intensity, electron density, spatial extent and supercontinuum generation. The studies were

performed under four different configurations.

The existing literature shows that the focusing geometry and input power of the
temtosecond pulses are most crucial to filament evolution. In the first configuration, we tried
to establish the foundation of this thesis, by focusing fs pulses using different focusing
conditions. We therefore classified the lenses firstly according to tight focusing and loose
focusing regime of filamentation for the powers used in the experiments. The use of a
combination of lenses to generate filamentation was also explored. Using two lenses f1=-10cm,

and f=15cm, we achieved the same effective focal length as that of a single lens.
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In the second configuration, the effect of different focusing elements such as off-axis

parabolic mirror (OAPM), Achromatic Doublet (AD), Plano-convex lens (PCX), Thin PCX,

bi-convex lens (BCX) of same focal length on the filament and SCE were studied. The
numerical aperture of the focusing optics was kept constant for all the optical elements to
attribute difference in the filament properties to the optical element induced aberrations alone.
The aberrations considered were Chromatic aberration, spherical aberration, first and second

order dispersion [47].

In the third configuration, the filament behaviour was investigated under varying input
pulse chirp. Chirping the input pulse not only broadens the pulse therefore reducing the peak
power but also induces a quadratic phase with increasing or decreasing frequency according to

the sign of chirp to the frequency distribution of the input pulse.

Apart from the above three modifications, asymmetry induced due to lens tilt also was
found to drastically alter filament behaviour as we observe elongation of the filament,

suppression of the supercontinuum generation and intensity.

Chapter 4: Filamentation Nonlinear Optics: Third Harmonic
Generation from fs filamentation in air

The highly intense regime of filamentation is an outcome of non-linear perturbation of
light-matter interaction, in which case we see the role of higher order terms in the material
polarization leading to the generation of higher harmonics of fundamental frequency [36, 37,
64-69]. In the intensity regime of filamentation we induce higher order nonlinearity in the

material response to electric field up to the third order nonlinearity.

The experiments were done to understand the process of THG from filamentation and
methods to enhance its generation efficiency for sensing applications. We have therefore made
a robust setup to systematically analyse the THG variations under two different focusing
conditions which we have classified as loose and tight focusing. The THG was significantly
modulated with input pulse properties (power, polarization, chirp, focal geometry and lens tilt).
As the supercontinuum emission is also due to the third order nonlinearity, the third harmonic

and supercontinuum emission were compared for the same input pulse variations [70].

The THG from filamentation can form the basis for a remote generated UV source
which can be used as an efficient excitation tool for detection of many organic molecules,

inorganic molecules, bio-aerosols etc, that absorb in the UV and fluoresce in the visible region.
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In our demonstration, we have shown that by modulating the THG we can generate UV using

an IR laser in a stand-off region of interest, this will provide a highly efficient tool to detect far
off aerosol and atmospheric contents [30]. Thus filament induced THG overcomes the
drawbacks faced by UV lasers and other light sources for remote sensing applications that get

absorbed by atmospheric air.

Chapter 5: Evaluation of filament induced Acoustic emissions in air

In addition to the optical emissions and the THG, the plasma generated during the
filamentation process generates shockwaves or acoustic waves into the ambient atmospheric
air because of the creation of a steep temperature gradient between the filament region and
surrounding ambient air. By varying the input power and the focusing geometry, filaments of
different intensity can be generated and in turn acoustic waves of varying intensities. The
analysis of the acoustic pulse profile and arrival time also shines more light on the filamentation
dynamics. The arrival times are an additional indicator of free electron density in the filament

60, 69].

Chapter 6: Filament Induced eLectro Magnetic (FIeLM)
emissions: L-band RF emissions from fs laser filaments

Electromagnetic emissions in the radio frequency range (~kHz-GHz) observed during
laser matter interaction crudely said, is due to the movement of bulk charged particles or
plasma (Cherenkov radiation). Discoveries such as that by Dahlbacka and Pearlman who
reported RF emissions from laser plasma have suggested the use of laser generated RF as a
viable RF source [71, 72]. Applying this, one can remotely generate radio sources which can
penetrate the ground and be used as laser ground penetrating RADAR (LGPR) [40]. We have
demonstrated RFF emission from filaments generated using fs pulses in air. This work was done
also to test the possibility of using acombination femtosecond pulse and nanosecond pulse for

remotely generated RF sources [73].

Chapter 7: Application of fs filaments

The femtosecond laser pulse filamentation owing to the capability of longer
propagation distances of up to few kms has become an extremely viable tool for remote
sensing of far off atmospheric/gaseous regions. One of the major advantages of fs
filamentation-matter interaction is the availability of residual fs pulses even after few km long

propagation. However, the highly dynamic nature of filamentation brings about many
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challenges such as isolation and collection of the variety of emissions arising from the residual

fs pulse and the filament induced plasma. To address this, FIBS as well as Two-photon

fluorescence studies were performed with the aim of remote sensing of aerosol clouds.

Longitudinal E-field distribution in the filament is difficult to characterize due to the
high intensity in the filament. To this effect the damage caused on the surface of Al is studied.
The drilling time of the filament of an Al foil was found by collecting the front and back
scattered signal from two different photodiodes. The studies were extended to the composite
materials where the surface modification was studied by generating different filaments under
different focusing conditions and placing the material at different positions along the filament

and analysing the damage/breakdown of the materials [74].

A proof of concept study of Filament induced acoustic spectrosopy (FIAS) is
performed using different concentrations of Tryptophan aerosol clouds. The temporal profile
and frequency distribution of the acoustic pulse show significant variation with change in

concentration of tryptophan particles in aerosol.

Chapter 8: Conclusions and future scope

This chapter summarizes the highlights of the work presented in the thesis and
indicates the roadmap on taking the lab results to the field. Our demonstration of a remotely
generated UV source from the third harmonic emission also can be tested on the field to detect
organic species. The SCE from filaments is an excellent source for probing and imaging the
spatio-temporal evolution of organic molecules, by
enabling us temporal resolutions of a few fs over a large range of frequencies. Femtosecond
pulses also being highly beneficial for probing fast processes which cannot be resolved using
electronic instrumentation, increasing the resolution by at least 3 orders. Spatio-Temporal
Evolution of Wavepackets (STEW) and transient event imaging of many underlying principles
in materials science, chemistry, and biology can greatly aid our understanding of nature. These
events require ultra-high temporal resolutions while doing real-time imaging. Pump-probe
ultrafast imaging techniques require the scene to be repeatable. Therefore single-shot ultrafast
imaging techniques have been developed to image non-repeatable transient events [76]. Other
far reaching applications of filamentation which can be incorporated in our lab environment

are discussed.
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Filamentation is finding applications in multiple fields and the study of filamentation

dynamics further provides us with a clear understanding of intense femtosecond pulse

propagation and medium interaction. This thesis aims to create a holistic understanding of

filament behaviour and the corresponding emissions to establish the foundation to apply and

control femtosecond filamentation for remote sensing and directed energy applications.
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CHAPTER 2: Details of experiment and
calculations implemented

Abstract:

Filaments generated from intense femtosecond pulses make invasive attempts
of characterization futile, because of which we have used multiple techniques to
characterize the filaments and correlated them. The femtosecond pulse was generated
using an amplified Ti:Sapphire laser system which produces femtosecond pulses with
peak power of the order of tens of gigawatts. The primary amplification technique used
in this laser is the chirped pulse amplification which helps produce intense ultrashort
pulses. The femtosecond pulse was characterized using a single shot autocorrelator
and the variation in the pulse width and pulse profile with chirp (Positive or negative
chirp was induced by varying grating separation in the output grating compressor).
Filaments were first studied using spectroscopic techniques which help estimate the
on axis intensity and electron density. Spectral studies were also done to study the
filament interaction with aerosols and other solid materials. As this spectroscopic
study requires different forms of spectral data acquistions we have used 3 different
spectrometers for the experiments done according to the suitability. Spatial extents of
the various filaments were recorded using different cameras according to the
dimensions of the filament and resolution required. Filaments were also characterized
using the acoustic emissions which were recorded using a microphone with a broad
frequency response coupled to an oscilloscope with a bandwidth capable of resolving
the acoustic signal oscillations. RF emissions from the filament were also studied and
their enhancement was primarily studied using antennas coupled to a spectrum

analyser or an oscilloscope.

2.1 Introduction

When the femtosecond pulse propagates in any medium, the input energy of the

temtosecond pulse is distributed and dissipated between numerous absorption and nonlinear
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processes and inherent pulse energy is transformed into different forms of optical emissions
(FIBS, SCG), terahertz emission, RF emissions and mechanical emissions (shockwaves and
acoustic waves) [1]. The partition of energy between all of these mechanisms is partially
understood. We intend to approach this study by studying the filament dynamics, in relation
to the effect of change in input laser pulse properties on filamentation and then correlate these
to the subsequent emission characteristics. Filamentation occurs at a time scale of
femtoseconds during which the input pulse spectrum can change from tens of nanometres to
a whole octave. The high intensity ionizes the medium of propagation creating a quasi-static
plasma even in air whose characterization alone can provide ample information on filament
propagation dynamics and associated electromagnetic emissions. The filament emissions
correlated to the filament structure (obtained from imaging the filament) and the FIBS atomic
emission spectrum acquired along the propagation of the filament can give us a holistic picture
of the many mechanisms at play during intense femtosecond propagation. Other than optical
emissions spanning from UV to IR, filamentation has also shown to generate mechanical
waves or acoustic emissions. This is because of the steep temperature gradient that exists
between the filament region and the ambient air. These acoustic emissions were studied using
microphones and analysed according to the temporal profile, which also provides the
frequency distribution of the acoustic pulse. Acoustic characterization show a close relation to
the plasma characteristics of the filament like giving insight into multiple filamentation. Bulk
movement of plasma in the filament generates electromagnetic pulses in the radio frequency
range which were characterized using antennas coupled to a spectrum analyser. The coherent
conical emissions like the supercontinuum generation and Third harmonic generation can be
a viable spectroscopic source for probing remote regions and materials characterizations.
Techniques for enhancement and modulation of these emissions were also studied and

characterized.

In this chapter, the various experimental excitation sources, optical layouts and
diagnostic tools used for generation and characterisation of filaments are briefly described.
The spectroscopic techniques used to estimate filament intensity and electron density is also

elaborated.
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2.2 Amplified Ultrafast Ti: Sapphire laser system

We have used a class IV amplified Ti:Sapphire laser system, which operates at a central
wavelength of 800nm and delivers femtosecond pulses of ~45fs pulse duration, and average

power up to 4W (4m] per pulse) at 1kHz repetition rate. The amplification of the modelocked
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Figure 2.1: Top view of the layout of the Libra system.

fs pulse train is done using a regenerative amplifier using the chirped pulse amplification
technique which provides intense femtosecond pulses [2]. The one box amplified laser system
Coherent Libra optical bench consists of four individual modules (i) Coherent Vitesse seed
laser (oscillator) (ii) Regenerative amplifier (iii) Coherent Evolution-25 pump laser (for
regenerative amplification) and (iv) The compressor and stretcher modules [3]. Figure 2.1
shows the top view of the Libra optical bench. Ocean optics Maya 2000 spectrometer was used
to measure the spectrum which shows a central wavelength of ~ 797 nm with a 25nm
bandwidth. We have also characterized the pulse using a single shot autocorrelation which
provides the temporal profile of the pulse using field autocorrelation. Further details will be

given in the coming sections.
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The Vitesse laser is the seed laser used in the system. It is a compact Verdi (CW DPSS
pump laser) pumped ultrafast laser which produces sub-100fs Gaussian pulses at an output
average power of ~300mW at 80MHz repetition rate with a bandwidth of 30nm. The Vitesse
laser comprises (1) A sealed Verdi laser head (2) Sealed Verdi pumped Ultrafast (VPUF) laser
and (3) Power track mirror. To ensure most efficient performance the Verdi laser head and

VPUF are sealed. Figure 2.2 shows the layout of the Vitesse laser.

Verdi Laser head

Fiber
pumping
< Power connected
Output track to power

H v Supply
mirror
VPUF Laser head

Figure 2.2: Layout of the Vitesse laser consisting of the Verdi laser and VPUF laser unit.

The Verdi laser pumps the VPUF to generate the ultrashort pulses. The active medium
in the Verdi (Vanadate Nd:YVOy) is first pumped using an array of diode lasers whose output
at 808nm is carried to the Verdi laser head using an umbilical. The Verdi laser produces
continuous laser light at 1064nm with and average power of 2W. The output from the Verdi
laser head is frequency doubled to 532nm using a temperature tuned LBO (Lithium Triborate,
LiB30Os) crystal and used to pump the VPUF by directing the Verdi Laser output using a piezo
driven mirror. The VPUF consists of a Ti:Sapphire crystal and negative dispersion mirrors.
Multiple reflections from the negative dispersion mirrors correct for dispersion and produce
sub-100fs pulses. The cavity is passively mode-locked through Kerr-Lens mode locking whose
initiation gets triggered by an automatic starter [4]. From this we get ultrashort pulses with low
noise and a large bandwidth, having an average power of 300mW and repetition rate of

80MHz. The figure 2.3 shows the internal schematics of the Verdi and VPUF unit.
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To pump the amplifier module the Evolution laser is used, with an active medium
Nd:YLF (Nd:YLiFs, yttrium lithium fluoride). It is pumped using AlGaAs (Aluminium
Gallium Arsenide) laser diodes. The output is frequency doubled wavelength of 527nm with a
1kHz repetition rate. The thermal losses are reduced because of the narrow bandwidth of the
diode lasers which also simultaneously allows efficient pumping with maximum light in the
absorption band. Natural birefringence, long upper state life time (470 us) and low thermal
sensing enable Nd:YLF in achieving high powers. The pulse generation is through acousto-

optic Q-switching [5-9]. An LBO crystal is used to frequency double the output by operating
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Figure 2.3: a) Schematic of the Verdi unit; b) Schematic of the VPUF unit.
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at non-critical phase matching conditions. The LBO should therefore be maintained at a
particular temperature to ensure optimal frequency doubling. Figure 2.4 shows the schematic

along with the different components of the evolution laser.
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Figure 2.4: layout and components of the evolution laser.

The next component in the laser system is the Regenerative amplifier which is based
on the Legend EliteTM platform (M/s Coherent, USA). It was designed to be compact and
has an active cooling system of the enclosed module. The amplifier design provides excellent
stability and has reduced susceptibility to environmental factors. The synchronization of the
seed laser and the pump is done using the Pockels cells connected to Signal Delay generator
(SDG) which is part of the amplifier system [9, 10]. The seed pulses are stretched before
entering the amplifier and compressed after amplification using grating arrangements which

stretch and compress the pulse according to the frequency components.

The maximum power a seed femtosecond pulse can be amplified up to is limited by
the material threshold of the components being used in the amplification process, because of
which we were not able to generate high power ultrashort lasers until the discovery of the
Chirped Pulse Amplification (CPA) technique [11]. In this technique the pulse is ‘stretched’

using a grating pair, by inducing a quadratic phase to the frequency components of the pulse
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thereby chirping the pulse. The pulse now has a time duration og ~200ps. This pulse can easily

be amplified to have powers high enough avoiding material breakdown when ‘compressed’
right before the exit of the laser using another grating pair called the compressor. The stretcher
and compressor were integrated into a single box in the regenerative amplifier module [12-14].
Figure 2.5 shows the layout of the Regenerative amplifier and the stretcher-compressor

module. Table 2.1 describes all the parts in the schematic.
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Figure 2.5: Layout of the Regenerative amplifier and stretcher/compressor of the laser
amplifier. The components are given in detail in table 2.1.

Power modulation of the input pulse was done using a combination of a Half-wave
plate and a polarizer. The half wave plate rotates the polarization direction of the input pulse

by twice the angle between the input polarization direction and the optic axis. The polarizer
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which is set to give maximum transmission for the polarization direction at laser output
separates the laser pulse after the half wave plate according to the angle between the polarizer
axis and pulse polarization direction. This was found to efficiently and conveniently change
the power of the input pulse. We have also used beam splitters to do power variation but found

that it raises many alignment difficulties although there is negligible pulse alterations.

Table 2.1: components of the Amplifier system as shown in figure 2.5.

Compressor Optics Regen Optics Stretcher Optics
Compressor shutter Regen Ti:Sapphire crystal Seed routing mirror
(CS) (RTS) (SM1-SM4)
Routing mirror Cavity end mirrors Faraday isolator
(CM1) (RM1, RM4) (F1)
Compressor grating Cavity folding mirrors Stretcher grating
(CG) (RM2, RM3) SG)
Horizontal retro reflector Alignment iris Spherical gold mirror
(CM2/CM3) (RI1-RI3) (SM5)
Vertical retro reflector Pockels cell Flat folding mirror
(CM5/CM5) (RPC1, RPC2) (SM6)
Beamsplitter a-wave plate Stretcher retro reflector
(CBS) RWP) (SM7/SMS)
Fiber optic input Polarizer Seed routing mirror
(CF) (RP) (SM9-SM12)
Spectrometer Regen routing mirrors 2nd order routing mirror
(SP) (RM5-RM?7) (SM13)
Alignment apertures Regen telescope lenses Fiber optic input
(A1-A3) (RL1, RL2) (SF)
Pump beam optics Photodiodes Beamsplitter
(PM1-3) (RP, FPD1,CP1, CP2) (SBS)

2.3 Single Shot Autocorrelator

Femtosecond pulses being one of the shortest events generated by man, pose the

challenge of being difficult to characterize. The best response time that can be achieved using
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photodiodes is in the order of picoseconds. This led us to explore self-referencing of the pulses
where the ultrashort pulse is used to measure itself. This is done by autocorrelation of the
ultrashort pulses [15, 16]. There are two types of autocorrelation namely intensity
autocorrelation and field autocorrelation. The intensity autocorrelation can be done using a
Michaelson interferometer and the fourier transform of the output autocorrelation is the
spectrum of the input pulse. This does not provide phase information, but only profile
information. Whereas, field autocorrelation requires the use of a non-linear crystal like a
second harmonic or third harmonic crystal and higher intensity in the pulse to facilitate second
or third harmonic generation, but provides complete information of the pulse including
spectral phase when the output autocorrelation is analysed in a spectrometer. We do an
intensity autocorrelation on a second harmonic crystal in the Single Shot Autocorrelator. The
SSA can be externally triggered and internally triggered at 100Hz. The advantage of the single
shot autocorrelator is that the delay between the two identical pulses is induced while varying
along the SHG crystal because of non-collinear interaction of the identical beams, providing
an autocorrelation plot in a single shot. Spectral analysis of the intensity auto-correlated signal
would provide information of the spectral phase. The schematic of the single shot

autocorrelator is shown in the figure 2.6.
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Figure 2.6: Optical design of the Single shot autocorrelator.
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The sensor being used is a single array CCD whose output is connected to the
oscilloscope, the autocorrelation signal is shown in the figure 2.7. As the CCD sensor is a single
array sensor, the signal is sampled out from the end of the array in the form of a time signal.
The sensor therefore gets refreshed every 10ms. The figure shows the autocorrelation signal
induced by different delays induced by the delay stage. The autocorrelation plots are shown
with change in the delay in micrometres. The baseline of this signal will be in the order of
milliseconds, this needs to be calibrated into femtosecond scale by varying the delay between
the identical beams, which causes a shift in the peak of the autocorrelation plot. Using this we
can estimate the proportionality factor to translate the observed profile to the original

autocorrelation profile in the femtosecond scale.

0.06 - ' : . - ' .
| —— 100 micrometre delay
—— 70 micrometre delay
0.05 §
—— 50 micrometre delay
] —— 20 micrometre delay
0.04 + —— 0 micrometre delay
0.03 -
0.02
0.01 4
0.00 -
! ]
‘001 T T T T T T
-4 -2 0 2 4

Time (ms)

Figure 2.7: Autocorrelation plots for varying positions of the delay stage relative to the zero
delay position.

The calculation of pulse duration from the autocorrelation plot is as below. Shift in the
peak is taken as %,in ms, delay in stage movement is taken as x in mm, measured pulse duration

from oscilloscope 7,in ms. Therefore, we can write,
Optical path length (mm) = 2x 2.1)
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_ , 2 2.2)
Optical path delay induced (s) = Ix 1012
Calibration to find proportionality constant (C)(s/ms) (2.3)
2x
_ 3x10"
to(ms)
Pulse duration (s) = ty(ms) X C (2.4)

The true pulse duration is found by dividing the autocorrelated pulse duration
by V2 for Gaussian pulses.We have therefore estimated the pulse duration of the transform

limited pulse to be 60fs.

The fs regenerative amplifier comprises of a stretcher and compressor grating setup
which helps us to stretch and compress the oscillator pulses pre and post amplification of the
pulse using the CPA technique. Optimal separation between the compressor gratings provides
us with a transform limited pulse, deviation from this separation induces chirp into the pulse
due to GVD that is induced as a consequence of increase or decrease in grating separation.
This separation is adjusted using a module provided with the laser. The module however does
not give a quantized value of separation or chirp induced but increases or decreases the
separation in quantized steps. We have therefore used the SSA to characterize the output pulse
to estimate the chirp carried by the output pulse from the regenerative amplifier. SSA does not
provide the sign of chirp but we can identify it by noting the direction of movement of the
compressor gratings. Figure 2.8 show the different autocorrelation profiles from the SSA with
steps of compressor grating separation. Pulse durations were estimated from the profiles and

the chirp was estimated using the relation,

2 (2.5)
To
C= |1+ —

Tin

The Chirp was estimated and the figure 2.9 shows the induced chirp and pulse duration

with compressor grating separation steps. This correlated information of the compressor steps
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Figure 2.8: Autocorrelation plots for varying steps of the compressor grating separation.
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Figure 2.9: Chirp and pulse duration according to the steps of the compressor grating

separation.
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Figure 2.10: Spectrum of the laser output.

Figure 2.10 shows the laser pulse spectrum having a FWHM of 15nm (gives pulse
duration of 60fs from the time bandwidth product). Characterization of the pulse with
compressor grating separation and estimation of the induced chirp were used in the later works
to study effects of changes in pulse profile on filamentation and the subsequent emissions

from the filament.
2.4 Spectrometers

A large part of filament characterization was done by studying the optical emissions
from filaments. These include transverse fluorescence emissions, FIBS, supercontinuum and
higher harmonic generation. Several attributes of spectrometers need to be considered such as
dynamic range, acquisition time, repetition rate, trigger and resolution according to the
requirement or experiment being conducted. We have therefore used different spectrometers
according to the experiment being performed and the region of the spectrum being acquired

and the spectral resolution required. The spectrometers used were:
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2.4.1 Maya 2000 (Ocean Optics)

This is a hand held USB spectrometer which can be coupled with an optical fibre. The
sensor used in this spectrometer is a single array CCD. We used this spectrometer to
characterize the supercontinuum and Third harmonic generation from the filament [17,18]. As
the pulse post filamentation containing SCG, THG and pump pulse is intense enough to
ignore background noise, we use this spectrometer for fast acquisition of these emissions.
These components of the pulse post filamentation were separated from the pump using an
external grating with 600 1/mm (This was done to isolate the pump at 800nm to avoid
saturation of the spectrometer). The diffracted SCG is shined onto a Teflon sheet and the
scattered light is collected so as to cleatly identify the blue end of the spectrum. The 15t order
of the diffracted THG is collected using a fiber coupled UV-NIR light collector MEOPT-0007
coupled to the Maya 2000. Figure 2.11 shows the Maya 2000 spectrometer that was used and
a typical FIBS spectrum from air collected by it. The FIBS spectrum shown here shows the
highlights the prominent peaks of oxygen and nitrogen which comprise most of the
atmospheric composition [16]. This spectrum was acquired by collecting the transverse emitted

FIBS signal using the optical fibre placed closely to the filament in the perpendicular direction.

)Xeanoptics.com

Figure 2.101: Image of the Maya 2000 spectrometer used.
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The Maya 2000 spectrometer was used to collect and characterize the third harmonic
UV (THG) and supercontinuum broadband (SCG) emissions from the filament as shown in
the figure 2.10. The multiple spectral component of the pulse post filamentation were first
separated using a grating thereby primarily isolating the spectral components from the pump
wavelength. Using the collection optics and fibre with the Maya helps provide a sturdy
experimental setup which can characterize the forward propagating coherent emissions from

the filament.

Figure 2.12 shows the schematic of the setup. The SCG was shined onto a Teflon sheet
and the scattered signal was collected using a fibre head. This was done because the broad
diffracted spectrum of the SCG cannot be completely collected, and usage of lenses will
impose wavelength dependant absorption. Moreover, focusing the supercontinuum onto a
focal spot would possibly damage the instrumentation. The fibre was therefore positioned so
as to get the best signal to identify the blue end of the supercontinuum spectrum, which
depends on the plasma, intensity and length of the filament. The THG was obtained by
collecting the first order diffraction of the THG using the collection optics MEOPT-0007

coupled to the Maya 2000 using a spectrometer.

Maya
2000
Fibre
- - —
-
Teflo
Lens Sheet

Figure 2.112: Schematic for acquisition of SCG and THG. MEOPT-0007- Collection optics.
Light is diffracted of grating, scattered SCG from Teflon sheet is analysed to find blue end of
spectrum and collection optics is used to collect the THG.

2.4.2 Mechelle spectrograph equipped with ICCD

Another spectrograph used for FIBS measurements was the ANDOR Mechelle
spectrograph (ME-5000) which is based on the echelle grating setup which employs a grating-
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prism combination aligned perpendicular to each other to give high resolution in one

acquistion over a broad range of wavelength (200nm-900nm) [19]. It was equipped with the
iStar ICCD (DH334T-18U-E3) whose intensifier can be triggered at 1kHz. However, since
the sensor is a CCD, the refresh time is high because of which the high repetition rate
acquisitions are accumulated on the CCD sensor. Echelle spectrographs are rugged and can
be utilized in field applications especially because they don’t have any moving parts. The
spectrometer was calibrated using two lamps calibrated viz. Mercury —Argon lamp for
wavelength calibration and DH-3 lamp (Deuterium-Halogen lamp) for intensity calibration.
The Mechelle spectrograph was used primarily for FIBS studies of solids because of the high
temporal resolution (Through delaying the intensifier triggering with minimum window of 1.5
ns) and high SNR which can be obtained from a single shot of laser matter interaction.
Although the CCD sensor has a good quantum efficiency, it has a slow refresh time (1Hz)
making this spectrometer unsuitable for fast repetition rate acquisitions. Figure 2.13 shows the

setup used for all the FIBS studied on solids.

TS

MEOPT-0007

Figure 2.123: Schematic for LIBS acquisition using Mechelle spectrograph and collection
optics MEOPT-0007. PD-photodiode; TS- translational stage; L-lens.

2.4.3 Kymera 328i

The spectrograph used for the collected FIBS signal was Kymera 328i, coupled with

an intensified Andor sCMOS camera. It provides very high resolution over a broad frequency
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range by having a long through put and interchangeable gratings. The iSCMOS camera also
provides good temporal resolution (2 ns) offered by the intensifier of the camera. The main
advantage with this spectrograph with iSCMOS is the high frame rate which can keep up with
1kHz frame rate of the femtosecond laser. It is therefore possible to acquire spectrum from
each pulse separately by gating the intensifier in iSCMOS. The spectrometer also is coupled
with an InGaAs detector which has a wavelength acceptance range from 800nm -2000nm. The
Kymera 328i is therefore capable of performing studies in the near IR region as well when the
InGaAs detector is complimented by the grating with 300 lines per mm and blazed at 1000nm.
Figure 2.14 shows image of Kymera328i coupled to an imaging lens, where one can image the
filament onto the slit of the spectrograph to provide a spatial reconstruction of the spectrum

along the filament.

Figure 2.134: Kymera 3281 coupled with an imaging lens.

The resolution depends on the grating being used because the grating used influences
the diffraction angle. We have used a 600 lines/mm grating blazed at 750nm to collect
spectrum in the range of 750-900 nm and a 1200 lines/mm grating blazed at 300nm to collect
spectrum in the range of 320-400. For the low wavelength range the camera sensor covers

~25nm and for the high wavelength range the camera sensor covers ~50nm. Wavelength
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calibration was done using a mercury Argon lamp and intensity calibration was done using a
Deuterium-Halogen lamp whose source spectrum was provided with the source. Figure 2.15
shows the main peaks from the background corrected spectrum obtained from the Mercury
Argon lamp. The spectrograph was calibrated using this signal by matching the observed signal
to the lines provided by the manufacturer of the Hg-Ar source. The resolution was also
optimized and the best resolution was achieved when using the 600 lines/mm grating was

0.5nm and the best resolution obtained with the 1200 lines/mm grating was 0.2 nm.

The intensity calibration which was done using a source signal from a Deuterium
Halogen lamp needed to be calibrated with each grating to calculate the correction factor that
needs to be imposed on the raw spectrum. The formula shows the calculation of the correction

factor.

Source signal 2.6
Correction factor (CF) = 9 (2:6)

Reference signal — Background
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Figure 2.145: Spectrum acquired from Mercury Argon lamp after background correction.

Corrected signal = (Live signal — Background) * CF 2.7
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Figure 2.156: Spectra acquired from the deuterium halogen lamp before and after calibration
when using two different gratings namely, 600l/mm (top) and 12001/mm (bottom). Source
signal is that provided by the manufacturer of the lamp.
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Source signal is the spectrum provided by the manufacturer of the lamp, reference

signal is the lamp spectrum observed by the spectrograph sensor, background is the
background noise that needs to be first subtracted from any signal acquired by the
spectrograph and live signal is the raw spectrum from any acquisition. We estimate the
correction factor which is a function of the wavelength which as shown in the equation needs
to be multiplied to the live signal. Figure 2.16 shows the spectrum of the calibration lamp
acquired by the spectrograph using the 1200l/mm and 600l/mm grating. The 12001/mm
grating which is blazed at 300nm shows higher response to lower wavelengths whereas the

grating with 6001/mm blazed at 750nm shows higher response at higher wavelengths.

2.5 Imaging of a femtosecond filament

Filamentation is a process which does not involve complete breakdown of the material
i.e. although there is ionization, it is much less denser than the critical plasma density thereby
facilitating free flow of the laser, because of which the plasma formed by femtosecond
filamentation is a quasistatic plasma. However, since the whole process of filamentation occurs
in the time scale of a few picoseconds the filament appears static, considering that the
resolution of the best cameras is in the range of nanoseconds. Keeping this in mind imaging
of the filaments was done using different cameras, with CCD and CMOS sensors. The CCD
cameras used were (1) Spiricon SP620U and (ii) Point gray GRAS 20. The CMOS camera used
was the Nikon t4i DSLR camera.

2000mm
1000mm

Propagation direction

500mm
300mm
150mm
50mm

2cm

Figure 2.167: Images of the filaments imaged using the DSLR Nikon t4i camera. Exposure
and gain was adjusted to capture complete spatial extent of the filaments generated using the
lens with focal length=50mm, 150mm, 300mm, 500mm, 1000mm and 2000mm.

The cameras were chosen according to the spatial extent of the filament and the

intensity of the optical transverse emissions from the filament. The CCD camera was used to
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image small filaments whose spatial structure needs to be resolved clearly. Whereas the CMOS

camera was used to image long filaments extending more than a 5cm. Another advantage of
CMOS camera is long exposure of about 30s which can help capture weak filaments which
extend to more than 1m. Figure 2.17 shows images of filaments taken with the DSLR camera
with change in brightness and spatial extent over 2 orders when focal length varies from

150mm to 2000mm.

Using the DSLR camera gives information on the spatial extent of the filament, helping
study long and weak filaments as well. As the sensor of this camera is a CMOS sensor we do
not have the high quantum efficiency nor dynamic range provided by the CCD sensor.
Moreover, the lens design for the DSLR camera does not provide good enough resolution to
study short or tightly focused filaments. We have used the CCD camera to therefore image
tightly focused filaments (f/#<15). Figure 2.18 shows comparison of filaments taken with

DSLR and CCD cameras.

f=50mm; f=100mm; f=150mm,
thin lens Achromat thin lens

DSLR —  cessemem | —

camera

CCD
camera

Figure 2.178: Images of filaments generated under tight focusing imaged using CCD and
DSLR cameras.

2.6 Microphones for acoustic characterization

Plasma build up from the filament creates a steep temperature gradient with the
atmosphere which leads to the creation of mechanical or acoustic waves which are studied
using microphones [20-22]. We have used a calibrated microphone with a frequency response
spanning a broad range from 20Hz to 140kHz (GRAS 40DP, sensitivity of 1mV/Pa) along
with a 174 dB (re 20 uPa) dynamic range. A preamplifier is connected to the microphone
before sending the signal to the oscilloscope (details of the oscilloscopes used are in the next
section). The displacement of the diaphragm of the microphone because of the pressure wave

created at the interface of the plasma and the surrounding atmosphere. This produces the

47



Details of Experiment and calenlations implemented _

electric analog signal comprising of positive and negative peaks indicating the pressure
variation over the existing ambient pressure. The difference between the amplitudes of the
negative and positive variations in the signal is taken as the peak to peak over pressure of the
acoustic wave. The microphone used was an omnidirectional condenser microphone. The
microphone is triggered using a photodiode placed near the experimental setup. A typical
acoustic signal is as shown in the figure 2.19. One can find the peak to peak over pressure,
arrival time and pulse burst time. The ratio of compression to rarefaction also provides

information of the plasma expansion and redistribution processes.

The microphone shown in the figure 2.20 was calibrated using a pocket sized, calibrator
which is battery operated (MODEL: G.R.A.S 42 AB) calibrator. It can produce a constant
signal at 114dB re. 20uPa (equivalent to 10Pa) at 1kHz.
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Figure 2.189: Typical acoustic signal showing the classification parameters.
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Figure 2.20: Microphones used for the study.
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The experiment was constructed so as to correlate the optical and acoustic emissions
from the filament as shown in the figure 2.21. We have simultaneously obtained the optical
and acoustic data The time domain signal was transformed into the fourier space using the fast

fourier transform (FEFT) thereby providing a frequency distribution of the acoustic signal.

Fiber coupled
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—’ Translation Stage
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A/2 plate Lens Microphone

Digitising
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Figure 2.21: Experimental setup for acoustic signal collection.

Other than peak to peak over pressure and frequency domain analysis, the acoustic
signal also gives information through the arrival time of the acoustic pulse as differences in
arrival times indicate the existence of transient shock waves. The length of the acoustic pulse
train also can be used to characterize the filament and subsequent plasma, like the existence of
multiple filaments which cannot be found from optical characterization alone as will be shown

in the coming chapters.

When Fourier transform was applied to the microphone signal, zero padding was done
to the signal where a baseline signal is added to the signal even after the acoustic pulse relaxes.
This is an analytical technique used to better resolve the existence of different frequency
components in the acoustic spectrum (increase the frequency resolution of the FFT). Figure
2.22 compares zero padded and nonzero padded frequency distribution obtained from two
acoustic signals obtained from filament interaction with aerosols made with varying quantities

of tryptophan.
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Figure 2.192: Frequency distribution obtained before zero-padding (top) and after zero-
padding (bottom) to compare resolution.

2.7 RF characterization of femtosecond filament

Low frequency electromagnetic emissions which are part of the FIBS can be measured
using antennas coupled to an oscilloscope. Low frequency RF emissions from laser matter
interaction arise due to charge current and dipole oscillations [23-25]. The oscilloscope are
both used according to frequency range and lifetime of the signal. We have also used 2 different
oscilloscopes for the different experiments in this thesis, the details of the oscilloscope are

given in Table 2.2,
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Table 2.2: Detail of the oscilloscopes used.

Oscilloscope Yokogawa DIL1640L Tektronix TDS5104B
Maximum Bandwidth 200MHz 1GHz
Channels 4 4

Sampling rate 200MS/s 5GSa/s

The frequency distribution of the particular electromagnetic signal is found by applying
a fast Fourier transform of the time domain signal. Therefore the frequency response of such
a setup can vary depending on the response of the detectors and instruments involved. When
only considering the sampling rate of the oscilloscope available which can take up to 5 GSa/s
the maximum frequency that can be resolved using this is <2GHz. Therefore we find that
depending on the lifetime and frequency range of the electromagnetic pulse we need to choose
the acquisition mechanism along with the appropriate antennas. As the frequency range being
probed is in the range of 1-2 GHz we have made an antenna using a BNC cable and exposing
8mm of the inner wire. This is a dipole antenna which can be used in close proximity having
bandwidth up to 4GHz. Translation of the near field dipole antenna along the filament shows
RF having a conical distribution because signal is observed after translating beyond the
filament. Figure 2.23 shows a typical RF signal transformed to the frequency domain obtained

froma filament generated using a 500mm lens.
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Figure 2.203: Typical RF signal from the filament and the corresponding frequency
transform.
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For the antenna we have used a whip antenna with a frequency range of 70-1000 MHz,
whose radiation pattern is isotropic. The resonant frequency of this antenna is varied by
changing the length of the antenna. This antenna can be operated using the oscilloscope or the
spectrum analyser. We have also made an antenna using a coaxial cable whose reception of
electromagnetic variations was demonstrated by cutting open the upper sheath of a BNC cable
and exposing the inner cable to the electromagnetic radiation therefore making it a near field
dipole antenna [20]. The variation in the electric field induces a current in the cable which is
recorded on the oscilloscope. Figure 2.24 shows the image of the RF acquisition setup from

filaments.

-

continum

Near field antenna
> using a coaxial

. cable

Figure 2.214: Image showing filament and positioning of the antenna beyond the spatial
extent of the filament.

2.8 Intensity and electron density estimation from

spectrum collected

Filament propagation being a highly intense phenomenon makes characterization using

invasive techniques impossible. The transient nature which is 2 orders faster than the fastest
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photodiodes available also poses a challenge to appropriately reconstruct the spatial

distribution of the filament and dynamics that exist. We have therefore used spectroscopic
techniques to study the filament along the propagation distance we have primarily used the
oxygen and nitrogen lines to estimate the intensity and plasma density in the filament in air.

Figure 2.25 shows the setup to collect the transverse emitted FIBS from the filament in air.

TS Spectrometer
— Fibre

Lens

Figure 2.225: Schematic for collection of transverse emitted spectrum due to filament
induced breakdown in the ambient atmosphere. TS-translational stage

The intensity of the filament in air was estimated using the ionized fluorescence lines of
nitrogen and the electron density was estimated from the stark broadening. Oxygen spectral
line at 845nm. Figure 2.26 shows a typical spectrum of FIBS in air along with the origin element

of the lines taken using a Maya 2000 spectrometer.
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Figure 2.236: Typical FIBS signal in air showing the prominent nitrogen, oxygen and
hydrogen.
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2.8.1 Intensity estimation

The laser peak intensity is found by finding the ratio of the two fluorescence lines of
Nitrogen at 391nm and 337nm [27]. The line centred at 391nm is the fluorescence transition
of the Nitrogen ions ionized by direct ionization of inner valence electrons. Whereas, the
intensity of the 337nm line is directly proportional to the total number of Nitrogen ions i.e.
both species formed by direct ionization of inner valence electrons and normal ionization of
least bound electron. The population of these ionized species is directly proportional to the
intensity at different orders of non-linearity and proportionality, because of which the ratio of
these lines can provide a direct correlation to intensity. The fluorescence line intensities can

be understood to depend on the filament intensity according to relation,

S391 X N excited — 4 nl (2.8)

5337 o Ntotal — pexcited + Nground — 4 ynl 4 pn2 (2_9)
Where 337 and $397 are the intensity of the lines seen in the spectrum. [ is the intensity
of the light in the filament, 2 and 4 are the proportionality constants. The ratio R between these
two lines can be found to be directly influenced by the intensity of the filament according to

the relation.

1 2.10)

14 (2) (@) e

The relation between the ratio and peak intensity in the filament therefore takes the

R x

form,

oeb () o

Where, a, f and 7 are constants which are found from experiment by Chin et.al. In
their study this dependence was first verified by intensity estimation made from plasma
channel dimensions and subsequent correlation to ratios estimated from different filaments
generated under varying focusing conditions and input energies. As the ambient atmosphere,
input laser characteristics and focusing conditions used in our experiment are in the same range
we have used the constant values estimated by them as a=2.6, /=79 TW/cm? and »=-0.34.
The intensities which were therefore measured along the propagation of the filaments

generated using lenses with focal length at the same power are shown in figure 2.27.
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Figure 2.247: Intensity profile along the filament generated using lenses with varying focal
lengths (f(mm)= 150, 300, 500 and 2000 ).

2.8.2  Electron density estimation

The electron density of the plasma can be estimated from the broadening of spectral
lines primarily that of oxygen at 844.66 nm which is fitted to Lorentzian line shape. As the
dominant line broadening mechanism is Stark broadening. The width of the emission line

FWHM (A7) is therefore related to electron density (IN,) as,

N, = a x 1016cm™3 @12
2w

Where w is the impact width. Its value at 844.66 nm line is 0.05140 nm [28]. The
electron density that was estimated using this technique is shown in figure 2.28. The filaments

were generated using three different lenses with focal length of 50mm, 150mm and 500mm.
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Figure 2.258: Electron density profile along the filament generated using lenses with varying
focal lengths (f(mm)= 50, 150 and 500).

2.9 Summary

Filamentation being a highly dynamic phenomenon propagating at a very high intensity
poses a challenge to characterize it. We have therefore used multiple characterization
techniques involving spectroscopic analysis, acoustic & RF analysis and damage analysis along
the filament generated under multiple varying input conditions like power, polarization,
focusing conditions and aberrations. These were further correlated to the filament images to
create a holistic understanding of the filaments. The emissions from filaments which can be
used for the broad range of applications that filamentation can boost, such as third harmonic
UV, Supercontinuum broadband, radio frequency and acoustic emissions were also
systematically characterized. Intensity and electron density in the filament were estimated using
spectroscopic techniques. Filamentation was first characterized holistically and the studies

were extended to modulate and enhance the wvarious emissions and characteristics of
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filamentation. Though the spectroscopic and imaging techniques give an insight into the

filament propagation, they cannot explicitly give the details of the electric field.
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CHAPTER 3: Spectral Anatomy of fs
filament and the associated super continuum
emission: Effect of focusing optic
aberrations.

Abstract:

As filamentation is a highly dynamic process which involves multiple
competing processes, it was first studied under the variation of different pulse
parameters. The filament thus generated was characterized using filament intensity,
electron density, Supercontinuum generated and filament structure to directly
correlate the effect of the pulse modifications. We have therefore classified our
characterization into 4 configurations, each configuration inducing a distinct
modulation while keeping other parameters constant. In the first configuration, pulse
energy and focal geometry were varied. In the second configuration, influence of
optical element aberration on filament behaviour was studied, keeping the focal
geometry constant. In the third configuration, input pulse profile was modified by
inducing chirp onto the pulse spectrum. In the fourth configuration, filamentation was
studied when the focusing lens was tilted and cylindrical asymmetry was induced in
the pulse front. These studies give a holistic picture of filament behaviour and the

dominating mechanisms which govern the filamentation process.
3.1 Introduction

The femtosecond pulse undergoes many distortions during propagation in a medium,
even when the pulse is not intense (P<P¢) [11]. This is due to the short temporal duration and
corresponding large bandwidth (AA~30nm) in the pulse, which is subject to higher orders of
dispersion. This dispersion induces varying phase to the frequency components of the
temtosecond pulse, thereby changing the pulse profile. Inhomogeneous media also induce
spatially varying modifications to the pulse. Other than these effects there are also aberrations
induced by the optical elements being used [2]. As we move to higher intensities (P>P.;) we

find that non-linear effects such as intensity dependant refractive index, self-phase modulation,
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non-linear absorptions and higher harmonic generation also influence the spatio-temporal
distribution of the femtosecond pulse [3, 38]. All the above mentioned distortions to
femtosecond pulses have been characterized and one can simulate such effects on a
femtosecond pulse [5]. The process of filamentation being highly dynamic, it is extremely
sensitive to input pulse distortions because of which simulation of such effects on
filamentation would be inconsistent and therefore unpredictable, demanding consistent
empirical support [6]. To discretely characterize the direct effects of all the above effects on
filamentation, we identify the spatio-temporal distortions such as medium propagation,
external focusing, optical element aberrations and spatial asymmetry and correlate them to the
corresponding filamentation observed by careful and systematic studies. Filamentation was
characterized according to the visible spatial extent, FIBS, intensity, electron density and
supercontinuum emission generated from the filament. These findings help establish the
foundation for future studies in this thesis and provides a holistic understanding for

femtosecond filament assisted application requirements.

The experiments done were done under four different configurations to establish the

effect of all input pulse variations separately as listed below:

a) In the first configuration, fs pulses were focused using different focal geometries using
lenses of different focal lengths. The first step was to separate tight focusing and loose
focusing regimes of filamentation for the powers used in the experiments. This
classification was made from the estimated peak intensity values and the spatial profile
variation of the filaments with focusing length and power. A combination of two lenses
(f1=-10cm, and f2=15cm) was used to generate filamentation and achieved the same
effective focal length as that of a single lens. The filaments generated were compared with
that generated using a single lens.

b) In the second configuration, the effect of different kinds of focusing elements such as off-
axis parabolic mirror (OAPM), Achromatic Doublet (AD), Plano-convex lens (PCX),
Thin PCX, bi-convex lens (BCX) of same focal length on the filament and SCE were
studied. Aberrations induced of all the focusing elements were identified and they were
classified and the corresponding generated filament characteristics were correlated.

c) In the third configuration, the filament behaviour was investigated under varying input
pulse chirp [7]. Along with self-emission images and the associated supercontinuum

emission we were able to further classify filament behaviour such as variation of onset and
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termination of filaments and increase/decrease of minimum wavelength of
supercontinuum with chirp.

d) Apart from the above three distortions to femtosecond pulse, tilting of the lens also was
found to drastically alter filament behaviour as we observe elongation of the filament along
with suppression of the supercontinuum generation and intensity. We have therefore
studied the filament under lens tilt thereby inducing spatial asymmetry during focusing in

the 4% configuration.

3.2 Influence of Input power and focal geometry

Femtosecond pulses were focused using different focal geometries and input powers.
The intensity of light was spectroscopically estimated along the filament from the filament
induced breakdown spectrum as described in Chapter 2 [8]. The images of the filaments were
taken using a Canon T4i camera to compare the wide range of spatial extents of the filaments
(Imm - 1000mm generated in the lab). The ratio of the nitrogen lines at 391nm and 337nm

and the intensity estimation are shown in the figure 3.1.
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Figure 3.1: (Left) Ratio of ionized nitrogen fluorescence lines; (Right) Estimated intensity.

We have varied the energy of the fs laser pulse from 2.75 m] to 3.6 m]. The filaments
were also generated using linearly and circularly polarized pulses. The peak intensity is higher
for linearly polarized pulse generated filaments for all the focusing conditions and input powers
[9]. The maximum peak intensity observed for filaments in our study was ~90 TW/cm?, which
was achieved for filaments generated with maximum available input energy of 3.6 m]J, using

linearly polatized pulses and 150mm lens. The lowest intensity of 25 TW/cm? that could be
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estimated using spectroscopic techniques was that from the filament generated using a 1000
mm lens at a pulse energy of 2m]J. We find that the variation of filament peak intensity with
input pulse energy in the range of energies used is more for shorter focal length lenses (Al =
20TW/cm?) as compared to longer focal length lenses (Al = 5 TW/cm?). This indicates that
intensity clamping occurs for higher focal length lenses at lower powers itself because of which
one does not observe much variation in intensity for longer focal length lenses [10, 11]. Using
the filament images and spectroscopic characterization, the first step was to classify the
focusing conditions into tight focusing and loose focusing regimes of filamentation for the
powers used in the experiments [12-13]. The images and intensity estimation from the spectra
show a clear regime change in the filamentation process when focal length changes from
300mm to 500mm using the laser beam with beam width of 8mm. The major difference
between the two focusing regimes is the evolution of the phase/pulse front. In the loose
focusing regime the curvature of the phase front remains planar along the filament due to
multiple cycles of Kerr self-focusing and plasma defocusing. While in the tight focusing
regime, the phase front undergoes a Guoy phase shift after which the large divergence of the
beam switches off the effects of Kerr Self-focusing and plasma defocusing. Supercontinuum
emission generated from the filaments was also analysed and characterized using the minimum
cut-off wavelength (Amin) as a measure of the broadband emission, thereby quantifying the
broadening towards the blue end of the spectrum. The variation in SCG with input pulse
energy between filaments generated under tight focusing conditions (f=150mm) and loose
focusing conditions (f=500mm) is shown in the figure 3.2. Spectrum was collected to obtain
maximum of broadening towards the blue end of the spectrum. The shaded region shows
bandwidth of the pump. In the loose focusing regime of filamentation, with the intensity of
the filament clamped to ~10'3 W/cm? displays a constant minimum cut-off wavelength (Amin)
of the SCE, while in the tight focusing conditions the intensity of the filament being and order
of magnitude higher, ie. ~ 10" W/cm? has a continuously shifting minimum cut-off

wavelength.

To generate filaments of at all desired distances, a combination of two lenses (f1=-
10cm, and f2=15cm) was used to achieve the same effective focal length as that of a single lens
some of which are not available in the lab. We were able to create filaments in a range of
distances 0.3m-3.5m only limited by lab dimensions in the upper limit. The filament

dimensions were modified by inducing chirp in the input pulse. Line profiles of the filaments
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generated by a single lens and that of the filaments generated using combination of lenses were
compared. The filament intensity profile from the combination of lenses show a drop by ~50%
in transverse visible emission when compared to that of filaments from single lenses, while the
spatial extent was found to ~15% lesser. The findings from the lens combination study are

given in more detail when the third configuration is discussed.
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Figure 3.2: Comparison of SCG from filaments generated using lenses with focal length
150mm and 500mm over varying input energy. Shaded region shows the bandwidth of the
pump pulse

3.3 Effect of Focusing element induced aberrations

Extensive work is being done to enhance and control various aspects of interaction of
filamentation with the medium, done largely by tuning the intensity and collimating conditions
of the lens of the input beam (discussed in the first chapter) [14]|. Experiments in the laboratory
have shown significant variations in filament characteristics like filament structure, intensity
and supercontinuum emissions when generated under the same focusing geometry. This led
us to design experiments so that one can identify other crucial input pulse characteristics other
than intensity and beam curvature. Filamentation is a highly dynamic process with a number
of competing non-linear processes which are highly sensitive spatio-temporal distortions in

the beam profile, making simulation of filamentation under these input pulse distortions
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complicated and demands empirical support. The large spectral composition can be subject to
linear and non-linear medium dispersion, reflecting in the spatio-temporal distribution of the
pulse intensity [15, 16]. Knowing that the propagation and interaction of the femtosecond
pulse with the medium in which it propagates, is highly sensitive to its temporal and spectral
profile, the behaviour of tightly focused femtosecond pulses and subsequent filamentation was
studied and characterized using different focusing elements, all having similar focal lengths so
as to study the effect of focusing element induced aberrations on filamentaion. The filaments
in this study were generated under tight focusing conditions. Filamentation under tight
focusing conditions has shown to have contrasting emissions, intensity and dimensions as
compared to that in loose focusing conditions, nevertheless the findings from the study can

be extended to loose focusing conditions too. The experimental schematic is shown in figure

3.3.

CPA fs laser (1 = 45 fs; Kymera 328i with Teflon o
A,=800 nm; rep rate=1 kHz, intensified sSCMOS # Optical
E=2 mJ, w,=8 mm); sensor Fiber

Optical
Fiber

ﬁ Grating;
600 I/mm
Focusing Optic
f=100 mm MayaUSB |
CCD Camera, spectrometer

GRAS-20

Figure 3.3: Experimental schematic. CCD camera to image the filament, Kymera 3281
spectrometer used to analyae filament self-emission spectrum. Grating along with Maya 2000
spectrometer is used to analyse the SCG.

We have used different focusing optics with the same focal lengths, thereby keeping
the focusing geometry constant. The input power of the pulse is also kept constant, thus
narrowing the effects down to temporal and spectral aberrations. The spectral aberrations
induced which were predominantly considered to be acting were first order and second order

dispersion due to propagation through the lens medium. The first order dispersion causes a
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temporal shift in the pulse peak and therefore a delay between the pulse front and phase front,
because of which we have an added curvature on the pulse front but not on the phase front
(Pulse to phase front delay (PPD)). The second order dispersion or group velocity dispersion
(GVD) induces Chirp in the pulse causing a broadening of the pulse. The group velocity
dispersion is characteristic to the medium and the length of propagation in that medium. These
temporal distortions caused due to dispersion vary radially along the radial position on the
lens. The extent of Chirp or PPD induced due to the GVD and dispersion over the length of
the propagation in the medium (L(7)) was calculated using equations (3.1), (3.2) and (3.3) as a
function of the radial position on the lens. Another very critical aberration that needs to be
considered is radially varying spherical aberration (SA). This arises due to lens design and
influences the phase front. It is characterized by the longitudinal shift (LSA) of the rays from
centre of the lens to the periphery of the lens at the focus. SA is defined according to the
quality factor of the lens which is defined by the ratio of radii of curvature of the lens (R1, R2).
The LSA of the Achromat doublet is 1mm, Bi-Convex lens is 1.7mm, Plano-Convex thick lens

lens and thin lens are 1.2mm.

2GVDL(r 3.1)
C(I‘): 2 ()
PPD( ):%r) (32)
(1 1 (3-3)
L0-5 7]

Chromatic shift in focus and increase in spot size were also estimated to be
approximately ~77um and ~0.5um when the lens medium is fused silica having a focal length
of 100mm. Although they are significant compared to Rayleigh range (~100um) and spot size
(~5um) for a focused Gaussian beam, the spatial extent of the femtosecond filament is much
larger than this to have a considerable effect in filamentation dynamics. As the input laser beam
has most of its spatial extent close to the propagation axis we consider it largely paraxial, effect
of aberrations due to marginal rays were considered to be negligible. We have discussed the
influence of astigmatism on filamentation in the coming sections of this chapter separately. It
should be noted that for the aberrations that have been mentioned the curvature of the beam
discussed is the curvature of the pulse front. The curvature of the phase front is different from

the pulse front. In the aberrations discussed, the spherical aberration acts on the phase front
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and the pulse front, but PPD acts only on the pulse front. Aberrations on phase front add to
pulse front, but aberrations on pulse front do not add to phase front. This needs to be noted
as dispersion and broadening of the pulse do not affect a monochromatic wave, but the
aberrations such as spherical aberration or astigmatism will affect monochromatic waves as

well.

Filamentation occurs as a result of a quasi-static interplay between plasma defocusing
and Kerr Self focusing until the energy is lost in the numerous absorption and scattering
processes. The pulse curvature is positive or negative in the filamentation regime depending
on the dominating mechanisms i.e. Kerr Self focusing or plasma defocusing. The temporal
distortions that come into play before onset of filamentation are dispersion and Group
Velocity Dispersion (GDD) which can be understood as pulse front delay and pulse
broadening. It was found that for the different focusing optics the filament structure and peak
intensity vary distinctly, largely because the input spatial and temporal pulse properties are
modified. These modifications to pulse curvature are understood at a point before
filamentation begins and then correlated to the structure. The changes in the filament need to

be methodically correlated to the aberrations induced by the lens.
Five different focusing elements were used in the study:
a) Off Axis Parabolic mirror (OAPM)
b) Dispersion corrected fs Thin lens
¢) Thick BK-7 Bi-Convex lens
d) Thick BK-7 Plano-Convex lens
e) Achromat doublet.

These optics were chosen such that they had varying degrees of aberrations and varying
degrees of group delay dispersion (GDD). The OAPM was the ideal focusing element with no
apparent aberration, with only some possible degree of cylindrical asymmetry (arising only due
to optic element alignment flaws) and no GDD. The thin lens was designed for femtosecond
pulses with low group delay dispersion (GDD), because of which they have low overall GDD
and PPD but is radially varying. The thick lens (Plano-convex and Bi-Convex lens) induce both
radially varying and overall GDD and PPD degree of spherical and chromatic aberration as

well as high GDD due to the thickness. It is to be noted that although the radii of curvature
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for the thick lens are different, the length of propagation in the lens according to the radial
position are the same, because of which we find that the main difference between the two
thick lens is the longitudinal spherical aberration (LSA). The Achromat doublet lens induces
good amount of overall GDD and PPD. The radially varying aberrations in the Achromat
while being minimal, once estimated show that they induce a curvature in the pulse front which
is opposite that of the other optics. The estimated PPD and Chirp are shown in figure 3.4.
The intensity of the light and electron density were estimated from the visible emission along

the propagation of the filament.

The added curvature on the pulse front much before absorption processes start was

simulated from the dimensions and material properties of the focusing element given in table

3.1.

Table 3.1: Optical properties of the different lenses (Source: SCHOTT optical glass data

sheet) .
Optical element | Thin lens BCX PCX AD
. Fused N-LAK22; N-
Medium Silica BK-7 BK-7 SFGLIT
Refractive index 1.458 1.517 1.517 1.651; 1.805
25.30;
Abbe Number 67.8 64.2 64.2 55 89
First order
dispersion 00352 | -0.0418 | -0.0418 '_%'?%%175
(dn/dA, pm™?) '
Second order
dispersion 57.540 70.372 70.372 106.53; 328.60
(k", fs2/mm)
d 4.8 9.4 9.7 13.0; 2.0
Lens
dimensions | Ry 45.9 101.73 51.7 05.8;-56.0
(mm)
-56.0;
Rz Inf 101.73 Inf 280.6
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Figure 3.4: Estimated (a) Radially varying Pulse to Phase front delay and (b) the spatial chirp
induced for different focusing elements.

We first characterize the different optics on the basis of the extent of the pulse
curvature and aberration induced. In an Achromat doublet, the added curvature on the pulse
front due to PPD is insignificant and opposite that of the other optics. Although the PPD and
Chirp are maximum at the centre of the beam for this, it does not vary radially. The spherical
aberrations induced due to this lens is also minimal (LSA~1mm) because of the dimensions
of the lens. The only aberration to pulse front curvature is that added due to SA which is also
imposed on the phase front, further getting minimized near the focus due to Kerr Self-
focusing. The thin lens was found to have both spherical aberration (LSA~1.2mm) and radially
varying PPD but low overall PPD. The thick lenses (PCX and BCX) also were found to have
SA and both overall and radially varying PPD, LSA~1.2mm for PCX and LSA~1.7mm for
BCX. In general applications PCX is more suitable for focusing a paraxial beam, whereas a

BCX is optimal to collect light from a nearby point. These three lenses (thin lens, PCX and
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BCX) induce an added pulse curvature due to the radially varying PPD. The main difference
between the thick lenses and thin lenses is the PPD and Chirp induced at the centre of the
beam. The PCX and BCX mainly differ in the extent of spherical aberration induced. The

aberrations and their effects on the output pulse are summarized in table 3.2.

Table 3.2: Calculated Aberrations for the different focusing elements and their effects on

the pulse.
Optical Element Aap | Thin | gex | pex
lens
Thickness at the centre (mm) 15 4.8 9.4 9.7

Pulse to phase front delay (PPD)

at centre of beam (fs) 2900 445 1041 1041

Radially varying pulse to phase No Yes Yes Yes

delay
Longitudinal Spherical aberration? 1 12 17 12
(mm)
Chirp at the center of the beam 1.6 0.22 0.53 0.54
Resultant Pulse width due to 160 47 53 58

aberrations (fs)

The observations from the experiment are shown in figure 3.5. We find a large contrast
in the filament structure from the multiple optical elements. The observable structural changes

can be distinctly classified and described by,

a) Off Axis Parabolic mirror; the filament structure shows that the most intense part is
at the end of the filament which has a length of ~3.5mm. The filament structure has a very

characteristic shape with a tail (~3mm) and a bright end.

b) Achromat doublet, brightest part of the filament which was ~3mm in length, was
found to be at the end. The intensity of the filament was found to be least among all the optics

used in this case. The filament from the Achromat was also found to have the characteristic
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c¢) Thin lens, most intense part is in the centre of the filament which was ~1mm long.
The self-emission images indicate multiple filament formation which could be due to multiple
breakdown or due to the dynamic interplay of Kerr self-focusing and plasma defocusing. The
observable filament is narrower than the filaments from the thick lens but is thicker than the

filaments observed from the Achromat doublet and OAPM.

d) Bi-Convex (BCX) and ¢) Plano-Convex (PCX) Thick lenses made of BK-7, the most
intense part of the filament is at the centre of the filament which is ~1mm. Contrary to
intuition considering the large amount of temporal and spatial aberrations, the filaments
observed here were found to have the maximum light intensity among all the optics including
the OAPM. The filaments are the widest for these lenses. The main difference between the
PCX and BCX is the onset of filamentation, onset of filament from BCX was observed to

overshoot other filaments by ~1cm.

OAPM

AD

Thin lens

BCX

PCX

80 85 90 95 100
Distance from lens (mm)

Figure 3.5: Filament images of the different focusing elements with distance from lens on

the x-axis

The filament images show two contrasting filament shapes and dimensions, 1) filament
with long tail and intense end, filament is ~3mm long, like the filaments generated from the
OAPM and Achromat doublet, 2) Filament is Imm long with most intense part at the centre,
generated from the Thick lenses and thin lens. Taking into account the first type of filaments,
the Achromat doublet lens has only SA and overall non-radially varying dispersion, but

filament structure does not differ from filament from OAPM. The Achromat lens also induces
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Figure 3.6: 15t Column: filament images; 2" column: filament induced breakdown spectrum
in air for Nitrogen lines (320nm-400nm); 34 column: The filament intensity estimated from
the nitrogen fluorescence lines at 337nm and 391nm; 4™ column: filament induced
breakdown spectrum in air for Oxygen lines (750nm-900nm); 5% column: Plasma density
that was estimated from the stark broadening of the line at 845nm.
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large overall Chirp and PPD, with minute radial variation with opposite curvature when

compared to other transmitting optics.

When comparing the optics of the second type, with filaments of dimension ~1mm,
the filament is restricted at 1mm length, this is due to the radially varying PPD which comes
into play during propagation only at the intense regime of filamentation causing its early
collapse, but does not affect the onset of filamentation. Onset of filament generated from the
BCX (LSA~1.7mm) was found to overshoot that of the filament from thin lens and PCX
(LSA~1.2mm) by 7mm (7 times filament length). This is because of the added curvature on
the phase front and pulse front due to SA, which adds an opposing curvature to the curvature
caused by Kerr self-focusing and radially varying PPD, thereby extending the onset of
filamentation serving to show SA influence on filament onset and formation. The spherical
aberration influences the onset of filamentation and radially varying PPD influences the

collapse of filamentation.

Filament induced breakdown emissions from two spectral regions of 320 — 400 nm
and 750 — 900 nm were mainly collected. The spectra shown are corrected for Bremsstrahlung
background. These regions predominantly represent the emissions from Nz and Oz
respectively, which are the major constituents of the molecular mixture of air. The ratio of the
spectral emissions of N2 over the 320 — 400 nm region helps us estimate the intensity of the
filament [8]. Spectral lines of N2 have more longitudinal extent than the visible images captured
for all the focusing optics. The stark broadened line width of Oz emission at 845 nm from the
first ionized species of neutral oxygen molecule, is used to estimate the plasma electron density
within the filament [17]. Figure 3.6 shows the filament induced self-emission in both the

spectral regions and the corresponding intensity and electron density estimation.

The Supercontinuum generation is due to self-phase modulation which occurs due to
the rate of change of refractive index of the medium causing a broadening in the pulse which
is indirectly dependent on the Kerr effect and plasma build up. Self-steepening of the trailing
part of the pulse causes the pulse to shorten leading to a broadening of the spectral distribution.
The extent of broadening and the amount of Supercontinuum generated depends on the
Intensity and the length of the filament. The broadening extent of the supercontinuum is
therefore directly proportional to the peak intensity and the filament length, while the amount

of supercontinuum generated depends on the length of the filament. The supercontinuum
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generation shows significant variation among the filaments from the different optical elements

shown in figure 3.7.
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Figure 3.7: The SCG spectrum at zero chirp from the different focusing optics.

SCG for the transform limited pulse shows that the chirp induced by the elements
reduces the SCG. As the achromat induces maximum chirp the extent of SCG characterized
by the minimum wavelength is least here however since the spatial extent of this filament is
more the Supercontinuum generated is higher than the other transmitting lenses. The other

transmitting optical elements (thin lens, PCX and BCX) achieve higher filament intensity but
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smaller spatial extent due to early termination of filament caused by radially varying PPD.
Moreover, the broadening into the higher frequencies also increases with increase in plasma
density. Hence, we observe a larger broadening especially towards the higher frequencies when
compared to Achromat, butlesser supercontinuum is generated because of small spatial extent.
The Off-axis parabolic mirror generates maximum supercontinuum in terms of broadening
extent and amount of generation as it does not induce any chirp and the filament does not

terminate due to radially varying PPD.

Filament was generated using reflecting and transmitting optics. The filament generated
under the focusing conditions of reflecting optics were found to contain the least number of
aberrations, was compared to filaments generated WITH transmitting optics. The influence of
different aberrations on the filament properties was explored under the same focal geometry.
This has shown the large structural differences induced in the filament due to the lens
composition and dimensions. It was observed that although the presence of media induces
PPD and pulse broadening, it is the extent of the spatial variation of the PPD and overall chirp
that influences the filament structure. Further we have found that the pulse to phase front
delay plays a much larger role as compared to GDD as we have seen for filaments observed
from lenses with (Thin lens) and without (Thick lens) dispersion correction. Although the
GDD and dispersion induced by Achromat doublet is high, the filament behaviour in this case
was found to resemble that of the OAPM, showing that there exists a significant but non-
radially varying PPD, which is not critical for filament structure. We find that the presence of
a radially varying PPD comes into play only at the filamentation regime restricting the filament
length. The SA was also found to influence the onset of filamentation, because of the added
curvature at centre of the lens. The spherical aberration and radially varying PPD together
enable us to control the onset and collapse of filamentation. We have seen that the variation
of input spatial (SA) and temporal aberrations (PPD) can affect a large extent of the filament
characteristics like; 1) Filament length, as shown by radially varying PPD, 2) Onset of
filamentation, as seen with variation of SA or chirp, 3) SCG, as it is an outcome of filament
length and intensity, 4) Electron density, as seen for different extent of radially varying GDD.
We have successfully correlated the various optical elements and aberrations to the filament
characteristics. As seen above we have also enabled to a large extent appropriate usage of
optical elements, for instance where we have counter intuitively shown that maximum

confinement of energy was achieved with PCX at high chirp without loss in peak intensity.
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3.4 Effect of Chirp of input pulse on filamentation

Intense femtosecond pulses are generated by compressing stretched and amplified
pulses of ~2ps duration [7]. The ‘compressing’ of these pulses is done using a grating pair at
the exit of the regenerative amplifier, which puts all the quadratic phase shifted frequency
components of the stretched pulse in phase. As the optimum distance between a grating pair
gives us a transform limited pulse, deviation from that separation therefore induces a quadratic
phase in the frequency distribution of the pulse. We capitalize on the ability to vary this
separation and quantify the modulations to the pulse profile (described in the 204 chapter). The
input pulse chirp was found to also demonstrate many observable changes in filamentation
[18, 20]. As a chirped pulse has lower intensity it will have a longer self-focusing distance i.e.
the onset of filamentation will increase. As air induces GVD it was proposed that a negatively
chirped pulse (pre-compensated pulse) will compress close to a transform limited pulse after
a particular distance of propagation in air [21, 22]. Chirped femtosecond pulses can alter
filament behaviour significantly as also will be shown here and in the coming chapters. As
chirping of femtosecond pulses causes a pulse broadening, positively and negatively chirped
pulses of the same chirp value will have similar temporal profiles. We have understood that
the changes in filamentation which are symmetric with positive and negative chirp variation
are due to pulse broadening i.e. pulse duration changes and the changes that are not symmetric
as those that depend on the sign of chirp or otherwise dependence on the leading and trailing

frequencies.

According to our classification of tight and loose focusing conditions we have shown
in the figure 3.8 the filament images with varying chirp. The filament generated from the
500mm focal length lens was found to vary quite symmetrically with chirp variation. The
distance at which onset of filament occurred was found to increase with chirp, which is as
expected as the increase in pulse duration causes a drop in peak intensity, causing an increase
in self-focusing distance. The filament structure for those generated with the 150mm lens on
the other hand has more complicated variations with change in chirp, in which we not only
observe changes in transverse filament emissions, also indicating increase in spot size but also
dramatic variations in filament onset and structure. One does not observe a large broadening
towards the higher frequency side from Supercontinuum of loosely focused filaments, but the
supercontinuum was found to be more prominent for positive chirp values as compared to

negative chirp values. We have moved according to the number of steps of compressor grating
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separation, in the range of 60 steps (-30 to +30 steps) changes the chirp from -3 to +1.5 chirp.
Beyond this range the intensity in the pulse falls due to increase in pulse duration because of

which we do not observe an observable filament for the input powers available and used in

the study.

e
'3 Propagation Direction

Figure 3.8: Filaments generated from 150mm and 500mm lenses while varying the chirp

vertically.

The shortage of space and focusing optics to generate filaments under different

focusing conditions has pushed us to use a combination of lenses to create the desired focusing
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geometry. Although this offers a range of tunable focusing geometries, the usage of two lenses
induces larger losses and dispersion due to increased propagation in the lens medium. Lens
combinations cause a much more gentler / slower focusing in comparison to single lens-
slowly varying beam curvature. The difference in the filaments generated from a single lens
and a combination of lenses was quantified in the first configuration described in this chapter.
As we do not find drastic changes in filament properties other than reduced transverse
emissions by ~50% and filament length by ~15%. The combination was used to create three
different focusing geometries. The images of the filaments generated with chirp are shown in

tigure 3.9.

15cm

Propagation Direction

Figure 3.9: Filaments generated using a combination of two lenses (f1=-100mm; f,=150mm)
at three different focusing geometries for various chirp values.

The long filaments that were generated using this setup using a chirped input pulse
showed longitudinal double filamentation structure for both positive and negative chirp. As
the plasma density is not high (~10'> cm-3) for loosely focused filaments, the long propagation
regime of ~0.5m causes self-compression of the stretched pulse, because of which we observe
refocusing of the laser pulse to form a secondary collinear filament. The supercontinuum for
the three different focusing elements with varying chirp is given in figure 3.10. The loose
focusing regime was found to have large broadening towards IR as expected. This is due to

drop in plasma density and long propagation regime.
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Figure 3.10: Supercontinuum spectrum from the filament generated for three different
focusing geometries obtained using the lens combination.

Under tight focusing conditions as described earlier the filament variations are very
drastic and prominent. We have therefore also studied the influence of aberrations induced by
the optical elements on filamentation from chirped pulses. To do this study we have used the
Filament images, Supercontinuum emission and self-emissions from the filament. The filament
images and the corresponding supercontinuum spread are shown in the figure 3.11. We find
that some of the optics generate bright filaments with chirp rather than with zero chirp,
however spectral study at these regions does not show increase in light intensity. Filaments are
bright at the optical wavelengths but not at UV wavelengths hence no enhancement in
intensity. These bright filaments are caused as with increase in chirp the pulse duration
increases, thereby approaching the average collision time of free electrons in air. The role of
overall and radially varying GDD induced by the optics manifesting as pulse broadening can

be observed in the chirp study.

The maximum SCG spread for an Achromat is observed at a significantly shifted value
of Chirp ~2. The filament becomes almost invisible at this point, again showing that brightness
of filament is not most intense part of filament. The maximum SCG spread is slightly shifted

(Chirp value~1) for the thick lenses also. As the induced chirp by the element is positive and
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Figure 3.11: Supercontinuum spectrum and filament images as a function of input pulse
chirp (spatial extent of each image window is 5.25mm).

the chirp value at the peak broadening extent is increasing with the increased chirp we can say
that the increase in broadening extent at positive chirp is not because of compensation of
induced chirp, but due to the overall PPD. When a chirped pulse experiences PPD the
wavelength distribution of the input pulse shifts to the trailing wavelengths which will be lower
wavelengths for positively chirped pulses and vice versa. Therefore for a positively chirped

pulse we see an increase in broadening extent as chirp is increased till a particular value of chirp
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where it starts dropping again since the induced chirp also reduces the peak intensity of the
pulse too. This is the positive chirp at which we get maximum Continuum broadening. This
positive chirp value is directly proportional to the overall PPD induced as shown from the
observations. The minimum wavelength found for the Supercontinuum generation from the

different focusing elements with chirp is shown in the figure 3.12.
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Figure 3.12: Variation of Minimum wavelength of SCG with chirp.

The chirp study of the lenses with filaments of length 1mm also show interesting
results. Earlier study showed that the pulse curvature from PPD and SA define the filament
structure, in this respect the PCX and thin lens have lesser SA compared to BCX, thereby
influencing the onset of filamentation. Although the PCX is thicker and made of a different
material when compared to the thin lens, the only difference that was established is the overall
PPD, which does not influence the curvature of the pulse front. Filament from the thin lens
undergoes minimal broadening. It is known that a chirped pulse undergoes larger pulse shift
when propagating through a dispersive medium, therefore as the chirp is increased the radially

varying PPD is much larger for chirped pulses for thick lenses, because of which the dominant
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aberration in a thin lens becomes SA with increase in chirp and the filament onset moves away

from the lens, and also avoids collapse of filament at high chirp.
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Figure 3.13: Filament self-emission spectrum in the range of 320nm-400nm for the different
transmitting focusing elements at different chirp values.

The lens which have the dominant aberration as SA at high chirp i.e. thin lens and BCX
do not see collapse of filament. Moreover, for PCX, with increase in chirp the dominating
aberration is not only PPD but also radially varying GDD, with large pulse broadening at
center of the beam, such that the pulse is shorter at the periphery of the beam than at the
center. The spatial intensity profile of the beam is an accumulation of the input pulse front
and the intensity reduction profile due to pulse broadening after propagating through the lens.
This shifts the intensity of the pulse towards the edges of the beam, further enhancing the

collapse of the filament. This is observed at large chirp for Achromat doublet lens too. The

82



Spectral Anatomy of 5 filament and the associated Supercontinuum Emission _

BCX on the other hand also induces the same amount of GDD but we see that the filament
behaviour with varying chirp is completely different from that of the PCX. This is because
although the pulse is broadened, the induced SA which is much larger than PCX and Achromat
doublet holds the peak intensity in the center of the beam making SA the dominating
aberration. The images of the filaments from PCX and BCX over chirp show that they do not
move in space, but the dominating mechanisms restricting their movements are different, for
PCX it is the collapse of filamentation due to radially varying broadening and PPD, but for
BCXitis SA. For the thin lens we find that at zero chirp the dominating mechanism is radially
varying PPD but SA becomes more significant as we increase the chirp, which we can see as
the filament moves forward with increasing chirp. The FIBS spectrum that is used to estimate
the intensity is shown in the figure 3.13 and one can see the tail of the large continuum in the

visible spectrum which is characteristic to some of the filaments at high chirp.

3.5 Filamentation under Lens tilt effect

For filament self-emission spectrum, it was observed that tilting of the lens used for
the creation or localization of the filament doubled the signal to noise ratio of the back
scattered fluorescence emissions during filament interaction with air [23]. The suppression of
supercontinuum from filamentation because of lens tilt is one of the main reasons for this.
The filament was also found to get elongated and eventually split into two filaments at a given
lens tilt angle The effect of lens tilt was understood as a combination of two different planes
of focusing namely, the sagittal and tangential focusing planes. Dergachev et al reported the
filament elongation and splitting associated with supercontinuum suppression under loose
focusing conditions [24]. Simulations incorporated a wavefront with cylindrical asymmetry
undergoing propagation effects such as dispersion, Kerr-effect, multiphoton ionization,
diffraction and plasma defocusing. They have used the same model as described above to
explain filamentation under lens tilt. The difference in the two foci from the two focusing
planes was estimated to be Af'= fsinf tant) (fis focal length; 0 is tilt angle). Saba Zafar et al have
also shown the effect of astigmatism in filamentation in fused silica [25]. The conversion
efficiency of supercontinuum was calculated with increase in lens tilt and they observed a

sudden drop in conversion efficiency at 8" Lens tilt angle.
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In our experiment we have primarily used the 150mm and 500mm lens to generate the
filaments under astigmatism. We know that lens tilt induces some form of aberration in the
wavefront. In the works detailed above, the aberration that was induced is that of astigmatism
L.e. that caused due to difference in focus of the rays from sagittal and tangential plane of
focusing. Although this treatment of lens tilt effect considers the tilted plane and non-tilted
plane separately to explain the formation of two focii. This does not consider the tilt in the
wavefront and assumes that rays coming from opposite sides of the rotational axis have the
same focal length. We approach the lens tilt effect by considering the aberration as a comatic
aberration where the lens tilt causes an elongation of the focus of the rays coming from the
sagittal plane. As discussed eatlier aberrations influence filamentation drastically. Lens tilt even
at very small angles causes significant changes in filament structure because of the combination
of the other aberrations with lens tilt especially in tight focusing geometry. To verify this we
have imaged the filament while tilting the lens along the horizontal axis. The filament moves
towards the lens with increase in lens tilt angle, but we find that the filament can be seen to
split non-collinearly i.e. the filaments are forming from two different halves of the beam rather

than two different planes of the beam. This is especially visible in tight focusing geometry.

-
Propagation Direction
e D

Figure 3.14: Filaments generated using a 150mm lens under lens tilt.

We have also collected the transverse Filament induced breakdown spectrum along the
filament. The SCG was also collected after separating it from the pump pulse using a grating.
Figure 3.14 shows the filament images for a 150mm lens. In the tight focusing geometry we

find that for small tilt angles the filament onset is before the 0° lens tilt filament and proceeds
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much beyond this filament. The images from figure 3.14 clearly show an asymmetry in the
filament formation indicating that the two foci formed are not from the tangential and sagittal
focus but from the two halves of the wavefront curvature. The filament therefore gets
extended because different rays focus at different points according to the vertical position of
the lens from which the rays are arriving. At a defined angle the wavefront splits creating two
filaments. The images were taken again for the filaments generated by these lenses with smaller

steps in angle variation. The images are shown in figure 3.15.
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Figure 3.15: Images of filaments generated from 150 mm (left) and 500 mm (left) lens
undergoing lens tilt from 0-12 degrees.

The FIBS was taken and the intensity of the filament was estimated along the

propagation for the different angles of lens tilt. The FIBS signal is shown in figure 3.16.

The intensity estimation results are shown in figure 3.17. This spectrum collection was
done with the tilt along the vertical axis. Spectrum collection with filament from 150mm lens
was done up to 4mm because the instability in the wavefront causes loss of collinearity in the
filament because of which there will be significant error in the spectrum collected. The filament
generated from 500mm lens was found to be more collinear under lens tilt and we were able
to acquire the FIBS signal and estimate intensity up to lens tilt of 12 degrees after which

filament is not intense enough for us to acquire good signal to noise ratio from the FIBS signal.
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Figure 3.16: FIBS from the filaments generated from 150mm and 500mm at different lens

tilt angles.

Filament intensity was found to drop by 50% for filaments generated from the 150mm

lens, while the filament intensity could be estimated showed increase in filament length by at

least 4 times.
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Figure 3.17: Intensity estimated for the filaments generated from 150mm and 500mm focal

length lens.
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The filaments generated with the 150mm lens showed large elongation of the filament
to twice the length. We can also identify the splitting of the filament for large tilt angles (>109).
The images and longitudinal filament intensity estimation show that lens tilt effect of
filamentation can be better addressed by considering the comatic aberration instead of

astigmatic aberration.

The Supercontinuum generated from these two lenses was also collected and the

change in SCG with tilt angle is shown in the contour plots in the figure 3.18.
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Figure 3.18: Supercontinuum collected from the filaments generated from the two lens (150mm
and 500mm lens) undergoing lens tilt

We can see the suppression of supercontinuum at large tilt angles for the tight focusing
geometry. However, there is a sudden increase in SCG generated from filament as the tilt
increases from 6 ° - 8°. This is possibly due to re-interaction of the two separate filaments
which does not occur under loose focusing conditions. Plasma build up is known to increase
the blue frequency broadening in the pulse. Plasma build up and increase in plasma length due
to filament interaction could be the main causes for increase in SCG generation at these angles.
The elongation of the filament caused by lens tilt especially for loose focusing conditions can
enhance filament emissions that depend on filament length. The filament from 500mm lens

shows only spectral broadening but no supercontinuum generation.
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3.6 Summary

Filament Characteristics and emissions need to be understood under the influence of
the multiple effects and distortions that a femtosecond pulse undergoes. Keeping this in mind
we have studied the filament characteristics and emissions under four different configurations
to correlate input laser pulse modifications to filament behaviour. In the first configuration we
have seen the effect of input pulse energy and focal length and identified loose and tight

focused regimes of filamentation.

In the second configuration we have identified different aberrations that are induced
by focusing elements on the input laser pulse and observed the corresponding filament
structure, emissions, intensity and electron density. The study showed drastic changes in
filament structure under the same focusing geometry, but varying aberrations. This study
helped us choose the right optics according to the desired application and study using

temtosecond pulses.

In the third configuration, the temporal profile of the pulse was modified by inducing
a known amount of chirp to the frequency distribution in the pulse. Filament behaviour under
varying pulse duration and chirp was also done under tight and loose focusing geometry. The

filament onset, length and intensity can be tuned using this chirp tuning.

In the fourth configuration, the effect of lens tilt on filamentation was explored and
the modifications in the wavefront due to tilting of lens was found to create elongation of the
filament leading to filament splitting. Tilting of the lens under tight focusing geometries causes
interaction of two filaments generated from the same lens in a particular range of angles, which
causes a sudden plasma build up with increase in filament spatial extent. By using optimal lend

tilt, Supercontinuum can be largely suppressed when fluorescence studies are to be done.
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CHAPTER 4: Filamentation Nonlinear
Optics: Third Harmonic Generation from fs
filamentation in air.

Abstract:

One of the outcomes of the dynamic propagation regime of infrared
femtosecond pulses is the UV generation due to third harmonic generation which gets
amplified due to the cross phase modulation and plasma build up during
filamentation. The Third harmonic which is isolated from the other spectral
components (such as SCG) of the pulse after filamentation, using a grating was
analysed using a spectrometer. As filamentation is highly susceptible to variation of
input pulse conditions, the third harmonic as well can be modulated and enhanced by
varying the input pulse conditions. We have therefore systematically observed and
analysed third harmonic generation in UV with variation in input characteristics like
input power, focal geometry, polarization, chirp and lens aberrations. As third order
nonlinearity gives rise to both Third harmonic generation (THG) and Supercontinuum
due to self-phase modulation a direct comparison of both THG and SCG was
performed. Strong Enhancement of the third harmonic is observed when the input fs
pulse has an elliptical polarization, which is reported for the first time. We also observe
tuning of the third harmonic central wavelength with change in chirp of the input laser

pulse and with tilt of the focusing element used to induce filamentation.

4.1 Third order non-linear effects

Filamentation is a playing ground for multiple higher order non-linear processes, which
make it both sensitive to medium and input laser pulse parameters [1]. The high intensity
confined within the filament, which is one of the root causes for such broad applications,
enables higher order medium responses to electric field [2, 3]. In the intensity range used in
our experiments we are able to go up to third order medium response in air [4]. Air being a

centrosymmetric medium, it does not display second order nonlinearity in medium response
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[36]. Although, SHG from gases was reported at intensities in the order of 105-1017 W /cm?,
we have not observed any predominant SHG owing to the intensity of the order of
1013W/cm?. The outcomes due to the third order non-linear medium response that are largely
competing and interacting during filamentation are Self-focusing, Self-phase modulation and
Third harmonic generation [5]. The interplay between Self-focusing along with the defocusing
due to plasma generation is the foundation for the structure and behaviour of filamentation.
Self-phase modulation is known to be an important tool for the generation of coherent
broadband laser pulses with a spectral distribution of more than an octave called
Supercontinuum Generation (SCG) [6]. Third harmonic generation produces light in the UV
region when using a laser in the near infrared region [7, 8]. The third order susceptibility
discussed also has other non-linear effects like cross-phase modulation between the
fundamental and third harmonic generation (THG) which becomes a critical component
especially during filamentation [9, 10]. We have observed enhancement and control of these
processes with change in filamentation characteristics that has not been reported before by
varying the input pulse characteristics. To further understand the underlying mechanisms for
these enhancements, we holistically identify 3*¢ order non-linear processes and correlate them
to understand and apply them in filamentation applications. This will help advance multiple
remote sensing endeavours that utilize femtosecond pulses, providing an on demand, remotely
generated coherent white light and UV source which can be used to probe and detect a broad
range of molecular aerosols and suspended particles using UV excited fluorescence, FIBS of

solid samples, etc [11].

We have not only shown enhancement of the above mentioned processes but also
characterized their broad extent of variation with input pulse characteristics. These processes
were also studied while rotating the focusing lens thereby also tilting the wavefront of the input
pulse. The increase in SCG extent has been reported, the variation is not as distinct as for that
observed from THG [12]. Here, SCG and THG are being correlated and studied because they
are both an outcome of the 3t order susceptibility of polarization. The observations as will be
shown, not only display correlation but also provide insight into filament propagation and
efficient THG and SCG generation. The first report of THG from filamentation and its
generation mechanism by Akozbek et.al shows that THG becomes significant with the onset
of filamentation as input power increases [7, 10]. The foremost restriction for Third harmonic
generation is the Guoy phase shift before and after the focus leading to the destructive

interference of the THG emission. With filamentation we see that as the power increases the
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symmetry of propagation before and after the focus is lost such that a large part of the THG
is before the focus. Adding to that, multiple refocusing cycles while maintaining almost planar
wavefront propagation make filamentation a good source of THG. THG from filamentation
was further explored by interacting filaments [13, 14]. THG from interacting filaments also
provides information of the transient processes in the filaments [15]. The interacting filaments
enhance THG by increasing plasma density and thereby increasing asymmetry in the focusing
region. Earlier studies have shown that the THG dependence on air pressure was found to be
linear with increase in pressure, measured up to atmospheric pressure [16]. The THG
dependence on pulse duration also found that for a given value of incident energy best THG

generation does not necessarily occur at the transform limited pulse [17].

For any kind of higher harmonic generation it is required that the interaction be phase
matched. THG from filamentation depends on the cross-phase modulation of medium
refractive index along with plasma build-up effect on refractive index, enabling phase matching
conditions between the third harmonic and the fundamental, therefore higher peak intensity
of the pulse is detrimental for achieving best phase matching [2]. The peak intensity is inversely
proportional to the pulse duration because of which we do not observe maximum THG for
perfectly transform limited pulses. A part of this report further adds to this claim by exploring
THG over varying pulse chirp, varying power and focal length. In these observations we find
that correlation with SCG gives a complete picture of the dominating mechanisms which
change with modifications in input pulse characteristics. Filament generated THG has been
reported before, but only at purely linear or circular polarization. It is now known that
circularly polarized light generates negligible THG because of lack of conservation of angular
momentum. THG study with elliptical polarization shows interesting and unexpected results
which should be inspected. This study consolidates also the third order effects and provides
insight into the multiple competing mechanisms of filamentation. Introducing asymmetry in
the wavefront by tilting the focusing lens also has drastic effects on filamentation and the
subsequent third order processes that are observed [18-20]. Careful characterization was done
of the variations in THG and SCG and were associated to filament characteristics during lens

tilt.
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4.2 Ultraviolet pulses from Third Harmonic generation

from fs filamentation.

Two of the main restrictions for third harmonic generation from focused fs pulses [2]

are:

1) Guoy phase shift before and after the focus leading to destructive interference
between the third harmonic generated before and after the focus.

2) Dispersion, which causes the medium to have different refractive indices at
different wavelengths, because of which we don’t get efficient higher harmonic
generation unless the wave vectors of the fundamental and harmonic are equal or

phase matched.

Third harmonic generation from filamentation overcomes these challenges by firstly
having a highly irregular plasma column and a regime of propagation which breaks the
symmetry that causes destructive interference. Secondly, the plasma build up and cross phase
modulation contribute to the refractive index making the wave vectors of the fundamental and

third harmonic equal. This can be shown by first taking the input electric field to be,

1 . . . A . .
E = 5 (Ewo exp(lkwoz — lwot) + E3zw, exp(lkgwoz — lSth) 4.2.130)

+c. c)
Here, c.c implies complex conjugate. This understanding of the electric field indicates
that we are taking two separate envelopes for the fundamental and third harmonic. This is
under the assumption that the frequency distribution of these envelopes doesn’t overlap.

When this is substituted in the third order polarization relation,

P=¢e,x®E3 (4.2.2)
We get two different frequency components for the polarization part of the
propagation equation. Therefore, the propagation equation described in the earlier chapters
will now be a set of two coupled equations in the fundamental and third harmonic. Since we
are observing THG in the filamentation regime, where there is intensity clamping, the
wavefront can be taken to be planar or otherwise that there is no diffraction in the propagation
[21]. For simplicity we are assuming that there is negligible group velocity dispersion and

absorption due to multiphoton ionization, to analyse the contribution of plasma, self-phase

94



Filamentation Nonlinear optics: THG from fs filaments _

modulation and cross phase modulation to refractive index which eventually converge to equal
values for both the frequency components i.e fundamental and third harmonic. The earlier
equation also assumes there is no phase difference between the two frequency components,

we therefore add a phase difference components to the envelope such that we now write,

~

Evzw = |Ewsolexp(i9wse) (4.2.3)
Substitution of this in the coupled equations and separating out the imaginary parts
from the real, gives us four equations. It can be shown that the efficient phase matching is
achieved when the phase difference between the two frequency components is O or n when
we assume a planar wavefront and minimal losses due to absorption [37]. The envelope of the
polarization which defines the refractive index of the fundamental and the third harmonic can

be given by the relation,

" 31714 " N 2n wp
Py = X7 [(1Ba, | + 21Bs0,|") Bwy + Ei, Brw | - —;’E (424)

. 30, R R £3 w2
Pay, = €ox® Z[(leolz +2|Ey,|*) Bsa, + ;’l §E 4.25)

These are the nonlinear contributions to refractive index due to third order processes
(such as self-phase modulation and cross phase modulation) and plasma build up, at the two
different frequency components which can be substituted in the wave equation described in
the 15t chapter. The refractive index is directly related to the polarization term according to the

relation,

(4.26)

The multiple contributions to refractive index at the highly intense regime of
filamentation therefore enable efficient phase matching of the fundamental and the third
harmonic. Filamentation enables the wavefront within filament to have planar curvature for
long distances at high intensities. It is also possible that the THG is generated at specific high
intensity regions along the filament where the wavefront curvature stays almost parallel and
phase matching is met. Although the THG is generated at the filament core it was shown that
blocking the background reservoir of filamentation stops THG generation showing the
continuous dynamic interaction with the background reservoir and plasma channel which

keeps the wavefront parallel for long distance and enables efficient THG.
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4.3 THG from filaments

Figure 4.1 shows the combined THG and SCG spectrum collected after diffraction
from the grating. The spectra were taken so as to compare the SCG and THG to each other.
The spectra shown in the figure is from a filament generated from a 500mm lens with linearly
polarized pulses at an input pulse energy of 2m]. The THG is characterized according to the
peak wavelength and amplitude in the spectrum. The SCG is mainly characterized by the
minimum wavelength of the spectrum. Although self-phase modulation causes broadening
towards red side of the spectrum, we are only studying the broadening towards the blue side

of the spectrum. The minimum wavelength therefore directly characterizes the enhancement

of SCG.
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Figure 4.1: Combined spectrum THG and SCG acquired from the filament generated using
a 500mm lens.

4.4 Control and optimization of THG

Linearly polarized laser pulses from a chirped pulse amplification (CPA) Ti: sapphire
laser system (Libra, 4 W, M/s. Coherent Co.) delivering ~ 50 fs at the repetition rate of 1 kHz
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and excitation wavelength centred at 800 nm is used to generate filaments. We have varied the
chirp of the pulse by changing the separation distance of the compressor gratings in the CPA
system. The chirp induced was calculated by measuring the pulse duration using a single shot
auto-correlator. The output pulse then passed through a combination of a half wave plate and
a polarizer which allowed us to vary the input pulse energy, from 0.75 mJ to 2 m] in steps of
0.25 mJ. The beam is then passed through a quarter wave plate to change the input polarization
of the electric field from linear to circular, linear at 0° and circular at 45°, while all the points
in between produce elliptically polarized light. A 500 mm and 150 mm lens are used to generate
filaments in loose focusing conditions and tight focusing conditions respectively. The lens was

placed on a rotating stage whose axis passed through the centre of the lens.
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Figure 4.2: Experimental schematic for THG and SCG collection. Figure goes eatlier and
change position of THG. CO-Collection optics (MEOPT-0007), MS-Maya spectrometer,
TS-Teflon sheet, G-Grating, F-Fiber, HWP-Half wave plate, QWP-Quarter wave plate, TP-
Thin film polarizer, L-Lens

The conical output of SCG and THG in the forward direction was studied as a function
of input pulse chirp and ellipticity of the polarization. As the forward emission component
contains the pump at 800 nm, we have separated the SCG, THG and Pump signal by using a
grating with 600 lines per mm. A handheld USB CCD spectrometer (Maya 2000, Ocean
Optics) is used to collect both the SCG and THG with different collection mechanisms. To
collect the THG a fibre coupled UV-NIR light collector MEOPT-0007 is used. The
Supercontinuum being very broad has a wide spectral spread post grating, is scattered off a
Teflon sheet and is coupled to the spectrometer via an optical fibre. The schematic of the

experimental setup is shown in the figure 4.2.
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4.4.1 Effect pulse energy and focusing geometry on THG

from filaments

As it was discussed in the earlier chapters, focusing conditions play a large role in the
filamentation dynamics. Higher numerical aperture leads to higher intensity but smaller spatial
extent of the filament. According to the prominent difference that come up due to the focusing
conditions we have classified the focusing conditions as loose and tight focusing [21, 22]. The
SCG as discussed in the earlier chapters has larger broadening towards the blue end of the
spectrum at all the available powers from the tightly focused filaments. It was therefore
suggested that the intensity plays a crucial role in SCG, especially in this pulse energy regime.
We have collected SCG and THG from the filaments at varying powers at two different
focusing conditions classified as tight and loose focusing conditions, using lenses of focal
lengths 150mm and 500mm respectively. The change in THG intensity with input pulse energy

is shown in the figure 4.3.
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Figure 4.3: Change in THG intensity with increase in input pulse energy, from filaments
generated using two different focal lengths, 150mm and 500mm.
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At lower powers we observe that the THG generated is higher for tight focusing
conditions, but with increase in power we find that there is a sudden increase in THG from
the loosely focused filaments. The intensity of the THG appears to increase further beyond
the input energy available to us for the filaments from loose focusing conditions whereas the
intensity seems to be saturating at higher powers for the filaments from tight focusing
conditions. Unlike what we observe from the SCG from filament which saturates for any
filament beyond a certain input power, we find that the THG increases drastically beyond a
certain power especially for the loosely focused filaments. THG is a process that is highly
dependent on phase matching which means that THG is produced at specific points along the
filament where there is optimal phase matching coming about due to plasma build up and
cross phase modulation. This is not like the SCG where the generation does not require any
phase matching and it occurs continuously over the propagation of the filament. Under loose
focusing conditions we observe multiple refocusing cycles which can be resolved along the
propagation of the filament. These refocusing cycles cause the phase matching conditions to
occur multiple times over the propagation length. Increase in input pulse energy leads to an
increase in the number of refocusing cycles in the filament generated under loose focusing
conditions but not in that generated under tight focusing conditions because of the difference
in input pulse front curvature. This is the main reason for the sudden increase in THG with

increase in power in loose focusing geometry.

Figure 4.4 shows the spectrum of the THG that was observed under the two focusing
conditions. We firstly observe a shift in the central wavelength towards higher frequencies of
the THG from the loosely generated filament when compared to the tightly focused filaments.
The peak shift is caused because the fundamental wavelength of the pump pulse shifts to the
shorter wavelengths during propagation in the filament while also getting broadened due to
self-phase modulation. We also find that the FWHM of the THG spectrum observed from
the loosely focused filaments (6 nm) is broader than that observed from the tightly focused
filaments (3.5 nm). This is because of the prolonged propagation of the generated THG in the
filament which leads to the self and cross phase modulation of the THG which causes

broadening in the THG.
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Figure 4.4: Normalized spectrum of THG from filament generated using 150mm and
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4.4.2 Effect of input polarization of fs pulses on THG from

filaments
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Figure 4.5: Shows the typical THG spectrum (top) and bluer part of the SCG spectrum
(bottom) from the filaments generated using the 500mm (left) and 150mm (right) lens. The
legend indicates ellipticity of the polarization.
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Figure 4.5 shows the typical variation of the SCG and THG with polarization at an
input pulse energy of 2mJ. The SCG extent is clearly higher for the filament from 150mm lens
which extends up to 480nm as compared to the 500mm lens generated filament whose SCG
extends up to 610nm. This is due to higher intensity in the 150mm generated filament
estimated to be 80 TW/cm?2, whereas for filament from 500mm lens is 35 TW/cm? (estimated
in earlier chapters). Although theory suggests that extent of SCG is directly proportional to
both length of propagation and intensity, we find that Intensity of filament is more detrimental
to SCG extent for this input pulse energy. However, at this pulse energy we also find that SCG
increases for elliptically polarized light especially for the filament from 500mm lens. From the
figure it can be seen that the THG is as expected for circularly polarized light where it is
negligible when compared to linearly polarized, this is because of lack of angular momentum
conservation for THG from circularly polarized light. The plots of THG from filaments of
150mm and 500mm lens clearly show increase in THG for elliptically polarized light. The
increase in THG from filament of 500mm for elliptically polarized light when compared to
linear polarized light is significantly higher than filament from 150mm lens. Closer look at the
comparison of the THG spectrum from 500mm and 150mm also show that the THG
spectrum is broader for the filament from 500mm. This is due to the self-phase modulation
of the THG which propagates in the filamentation regime for a distance ~10 times longer than
the filamentation regime of 150mm lens. The self-phase modulation term explicitly comes
about as the first term in the equation 4.3. The increase in filamentation propagation regime
for filament from 500mm is also the reason for larger THG increase at elliptically polarized
light when compared to linearly polarized light especially at lower powers as will be shown.
Therefore, for THG we find that length of propagation is the detrimental factor. The THG
spectrum which was collected with change in quarter wave plate angle at 2m] pulse energy is

shown in the figure is shown in figure 4.6.

Yi Liu et al have shown that for optimal THG, increase in power increases the optimal
focal length for THG, indicating that at a particular intensity, THG is maximum and once that
intensity is achieved, length of propagation is the only deciding factor [14]. The observation of
increase in THG at elliptical polarization is observed for the first time. As the increase in SCG
extent with polarization has been earlier observed to increase at some degree of ellipticity, it
was proposed that this is due to the rotational aspect of molecular susceptibility as this increase
was not observed for mono atomic gases [12]. It can also suggest filament induced

birefringence [23]. The extent of SCG was therefore first characterized according to the
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minimum wavelength and plotted with change in input power. Figure 4.7 shows the same from

the filament generated from a 500mm lens.
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Figure 4.6: Shows the typical THG spectrum with change in quarter wave plate angle from a
filament generated from 150mm lens and 2m] pulse energy.

Simulation of THG with elliptically polarized pulses would require us to have four
coupled equations making the simulation of THG difficult. The filament length also was found
to vary with polarization and it was suggested that this was due to polarization dependent pulse
shaping, which occurs due to the non-instantaneous dielectric response of the medium[24, 25].
We have therefore recorded the SCG and THG while changing the quarter wave plate angle
over different input energies. The ellipticity of the input pulse is found from the quarter wave
plate angle. The ellipticity therefore ranges from 0 to1, 0 being linearly polarized light, 1 being
circularly polarized light and everything in between is elliptically polarized light.
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Figure 4.7: Minimum wavelength of SCG (Amin) for filaments from (a) 150mm and (b)

500mm lens with change in ellipticity and pulse energy of input pulse.

The figure 4.8 shows the increase in THG at elliptically polarized input light for all

powers for both lenses. Closer look shows large differences between THG between 150mm

and 500mm lens. The THG has a very steady variation with a maximum at elliptically polarized

light (at 22.5° and 67.5° quarter wave plate angle) at lower input powers of 500mm lens
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generated filament whereas 150mm lens generated filament THG doesn’t vary as much. This
variation in THG almost disappears for the 500mm lens generated filament when the SCG

starts increasing with power, but after crossing 1.75 m] pulse energy we see that THG variation
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Figure 4.8: Plots showing variation of THG from filaments using (a) 150mm and (b)500mm
lens with change in ellipticity and pulse energy of input pulse.
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with input polarization increases at which power we also see an increase in SCG for elliptically
polarized light in line with earlier cited report [12]. When observing the same for 150 mm lens
generated filament we find that the variation of THG with polarization exists for all powers
but is not as distinct as that for 500mm lens These observations show that the earlier discussed
optimal intensity has been achieved by 150mm lens at lower pulse energy itself but not for
500mm lens where this intensity is achieved after crossing 1.75 m] per pulse mark. It can also
indicate an increase in the refocusing cycles when the energy increase from 1.25m]J to 1.75m]
per pulse. The drop in SCG extent at circular polarization is larger than that for linear
polarization as the input power is reduced. This is due to the increase in critical power for
circular polarization and reduction in plasma formation which is crucial for broadening of the
blue end of the spectrum. The reduction in critical power also affects the propagation length
and the peak intensity of the filament, thereby limiting the SCG. Circular polarized light
continues to exhibit single filamentation at powers where linear polarization exhibits multiple
filamentation [22]. The presence of multiple filaments especially in tight focusing regimes
increases the amount of SCG but does not increase the extent of the SCG ie. cutoff
wavelength. Therefore we do not see equal drop in cut-off wavelength of SCG for linearly
polarized light as that seen for circularly polarized light which drops steadily with power. The
input power at which SCG from linearly polarized light shows a drop is where we see transition
to single filamentation regime. The difference between SCG from circularly polarized light and
linearly polarized light can give good insight into the presence of multiple filamentation or
single filamentation. We do not observe the same behaviour for filament from 500mm lens as
most of the intense filamentation regime is from a single filament, where the SCG from

Circularly and linearly polarized light drop steadily with power.

4.4.3 Change in THG with Chirp of input fs pulse

The input pulse can be chirped by changing the separation between the compressor
gratings, thereby inducing a group delay dispersion defined by the separation distance [26].
The fs pulse was characterized using a single shot autocorrelator and the induced group delay

dispersion quantified by the chirp can be estimated [27-29].
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Figure 4.9 shows the variation of THG and SCG extent with varying chirp and input

power. Firstly, it can be seen that transform limited pulse with shortest pulse width or highest

peak intensity does not produce best intensity indicating an intensity dependant phase matched
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Figure 4.9: Plots showing THG and SCG extent with Chirp and power for 500mm lens
(top) and 150mm lens (bottom) generated filament.
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condition. Apart from that, we observe larger THG generation for positive chirp for 500mm
lens generated filament which is not observed for 150mm lens. We also see that the chirp range
for maximum SCG does not coincide with chirp range of maximum THG for 500mm lens
generated filament which is not the case for filament from 150mm lens. The common
observation between both the filaments is that THG increases once SCG declines for positive
values of chirp for higher value of input pulse energy. This could indicate energy exchange
between the two non-linear processes. Third harmonic that gets generated during
filamentation experiences a refractive index close to that of the fundamental due to the
contribution of plasma build up and cross phase modulation to the refractive index, enabling
the third harmonic and fundamental to travel at the same velocity. The plasma density and
refractive index changes which depend on intensity are therefore crucial for phase matching.
This is the main reason for which we do not observe maximum THG for transform limited
pulses. There are multiple ripples around the peak THG value for the filament from 500mm
lens, which is clearly not observed for filament from 150mm. This is because of the multiple
focusing and refocusing cycles that exist in the loose focusing regime, as the pulse energy
reduces or the chirp increases the number of cycles reduces. In the range of chirp or input
energy where the number of cycles is constant, there exists a defined intensity where there is
optimal phase matching between the fundamental and third harmonic, at which intensity we
see a maximum in THG for that particular number of focusing and refocusing cycles. Whereas
in the case of filament from the 150mm lens where the number of refocusing cycles does not
increase with power, the optimal THG for a given input laser energy is dependent only on the
peak intensity which varies with chirp and input pulse energy. Therefore we clearly observe
the ripples move towards the centre as input pulse energy is reduced. This is observed for
lower input pulse energies as well. The SCG on the other hand does not require phase
matching for efficient generation, only being influenced by the filament intensity and length.
However, we find that THG which depends on phase matching inhibits SCG generation
indirectly, this is observed with the sudden drop in SCG extent and subsequent rise in THG
as can be seen from figure 4.10. It can also be seen that the positive chirp value at which chirp
SCG drops is constant with drop in power whereas the negative chirp value at which SCG
drops increases with increase in power. This could indicate the power exchange between THG
and SCG. The exact reason for the increase in THG and drop in SCG is not theorized, but it
could be due to the time dependent non-linear response of the medium which will encounter

higher frequencies at the tail of the pulse with positively chirped pulses and lower frequencies
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at the tail with negatively chirped pulses. The sudden suppression of SCG with enhancement
of THG as shown in figure 4.10 will enhance the signal to noise ratio of the signals. The
intensity was estimated for the different filaments from varying input energies. The plots are

given according to the estimated intensity.
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Figure 4.10: Combined spectrum and signal of THG and SCG. Shaded region shows
enhancement of THG and suppression of SCG and for varying chirp.
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Spectral analysis of the THG with chirp also shows variation of the central wavelength
of THG with chirp value especially for tight focusing conditions. The central wavelength can
be tuned within a range of 10nm with the input powers available to us. This is shown in figure

4.11 where we see the peak value of the spectrum and the central wavelength of the THG.
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Figure 4.11: Spectrum of THG with chirp to show change in peak wavelength and intensity
of THG. Shaded region shows the FWHM of THG.

4.4.4 Change in THG with Lens tilt

The effect of lens tilt on filamentation was discussed in third chapter where the filament
was characterized according to the intensity, structure and supercontinuum generation. This
was done under the two distinct focusing conditions which we have classified loose and tight
focusing geometry. The filament intensity was estimated using the filament induced self-
emission obtained along the filament propagation, where we can clearly identify the elongation
of filament which eventually leads to formation of two filaments. The SCG drops for both
focusing geometries with increase in tilt angle. However, a sudden increase in SCG is observed

at a lens tilt angle of ~6°.
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Lens tilt effect on THG was therefore studied to explore the possibility of its
enhancement as we observe some changes in SCG which is also a nonlinear process due to
third order susceptibility. This was done also because literature has reported
increase/enhancement of THG from interacting filaments. The efficiency of the THG was
studied with interacting filaments by Hong Wu and group where background free THG was
generated and enhanced by non-collinearly interacting the filaments [13]. As the interaction of
filaments enhances the THG, study of THG enables time resolved information of the
interaction of filaments and hence was used to study the plasma lifetimes according to the
THG enhancements in different gases by Christof Jusko and group [15]. We have therefore
exploited the effect of lens tilt which causes interaction of multiple filaments with a very simple

mechanism to enhance THG.
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Figure 4.12: Shows suppression of SCG and enhancement of THG at an angle of 5° from a
filament generated using a 500mm lens
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The experiment was performed so as to collect the SCG and THG simultaneously from
the filament. On doing so we can be sure that the input conditions do not vary. We can also
identify the correlation between SCG and THG from this study. It was shown that we can
suppress the SCG by inducing tilt in the lens. We were able to observe drastic enhancement in
the THG at a characteristic angle of ~4° at which SCG gets suppressed as seen in figure 4.12.
This sudden enhancement in the THG is due to interaction of multiple filaments formed due
to asymmetry in the pulse front. We find that this enhancement is even more prominent under
loose focusing conditions. THG observed from a filament generated from a 500mm lens with
lens tilt is shown where we observe a 150% increase in THG intensity with change in tilt angle

in the figure 4.13.
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Figure 4.13: THG from filament from 500mm lens with lens tilt angle.

THG under lens tilt effect shows a drastic increase for the loosely focused filament
when the lens is tilted at an angle of ~7°. At this angle the supercontinuum is also suppressed

and the only dominant emission is the THG. THG drops for both the focusing geometries
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with increase in lens tilt but has small increase at an angle of ~6° for the tightly focused filament
but the loosely generated filament sees increase in THG by almost 3 times. Using a single lens
we were able to interact two filaments and enhance THG. It can also be shown that frequency

tuning is possible by tilting the lens as show in the figure 4.14.
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Figure 4.14: Spectrum of THG (normalised amplitude) with lens tilt angle to show change
in central frequency of THG from filament generated using a 150mm lens.

4.5 Summary

We have systematically correlated the THG and SCG emission from filaments
generated under different focusing conditions while varying power, Chirp and polarization.
The results not only show large correlation but also provide insight into the various competing
mechanisms during filamentation and provide knowledge of the filament structure. Change in
the SCG and THG with input pulse properties indicates energy exchange between the
underlying processes that facilitate these emissions like Third harmonic generation and self-

phase modulation. This work not only shows the large susceptibility of filaments to the input
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pulse characteristics but also provides a strong tool for remote sensing and detection using

Filament generated UV and Continuum for LIDAR applications. Moreover filamentation

induced THG shows its sensitivity towards the phase matching conditions which exist in the

highly dynamic filamentation process which are repeated from pulse to pulse and consequently

SCG which although does not require phase matching is also found to be susceptible to input

laser conditions.
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CHAPTER 5: Evaluation of filament
induced Acoustic emissions in air

Abstract:

Plasma build up along with Kerr self-focusing is the foundation for the
prolonged propagation of femtosecond pulses through the process of filamentation.
The spatial plasma distribution along the length of the filament is highly dependent
on the properties of the input fs pulse, properties of medium as well as the focusing
conditions. The plasma which forms, achieves equilibrium by energy dissipation
through a number of processes. Other than optical emissions the energy gets
dissipated in the form of mechanical waves as well in the form of shock waves which
are initiated in the vicinity of the filament which very quickly decay into acoustic
waves. In this chapter we present the work done on characterising these acoustic
waves from filaments. The acoustic signals radiated along the length of the filament
reflect the plasma dynamics within the filament. We find that acoustic characterization
of filaments is a novel complimentary technique to optical characterisation methods,
which help provide a complete understanding of the filament dynamics within a given
medium. The large dynamic range (SNR) of microphones can detect acoustic signals
from a range of filaments, especially weak filaments with weak optical emissions,
which cannot be characterized by spectroscopic techniques alone. Acoustic profiling
of the filaments is demonstrated to be a viable addition to femtosecond filament
sensing providing filament information which cannot be otherwise obtained from the

electromagnetic emissions.

5.1 Filament induced hydrodynamics of plasma and acoustic
emissions
Laser matter interactions involve deposition of a large amount of optical energy in a
very short timescale [39-3]. The various processes that unfold such as plasma formation,

medium breakdown and nonlinear mechanisms, lead to a variety of electromagnetic emissions

some of which have been discussed in earlier chapters [4-8]. This chapter focuses on the
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mechanical emissions that arise from laser matter interactions, and explore acoustic and
shockwave emissions that arise from femtosecond filament generated in air. The creation of a
plasma when a laser pulse with sufficient irradiance interacts with the medium is the main
reason for the generation of mechanical waves in matter [9, 10]. Unlike the case of picosecond
and nanosecond laser pulses, where the dominating ionization mechanisms are inverse
bremsstrahlung ionization and avalanche ionization, the ionization mechanism during a
femtosecond pulse interaction with air is multiphoton ionization (MPI) [11, 12]. This
ionization that occurs due to intensities of 103 W /cm? at femtosecond time scales, also causes
negligible heating, because of which the acoustic emissions from intense femtosecond pulse
interaction with air become a direct indicator of the plasma density. The large amount of energy
which gets deposited in the medium along with subsequent formation of plasma, is dissipated
into multiple energy dissipation pathways, giving rise to electromagnetic emissions (optical,
UV, RF, THz. etc) which were analysed and studied using spectrometers/spectrum analysers
and acoustic emissions which are studied using microphones [13]. This is illustrated in figure
5.1. Filamentation is a long range propagation regime of intense femtosecond pulses where the
plasma formed is not dense enough to cause complete breakdown because of which the long
plasma channel has a very characteristic spatial profile which gets reflected on the acoustic

emission properties via the dissipation of plasma density.

As these acoustic emissions can be remotely generated, they can be put to use towards
sensing of remote regions to detect particle sizes and concentration. Hyun Jin and group have
shown that one can distinguish particle sizes lower than 50nm and particle concentrations as
low as ppt using a nanosecond laser by analysing the number and magnitude of shock waves
created in an aqueous solution of the particles [14]. It was suggested that the magnitude and
number of shockwaves is proportional to the average particle size and concentration.
Although, the visible part of the filament is where the plasma and the most intense region of
propagation exists, this region has continuous energy exchange with the background reservoir
surrounding the plasma column, which can be seen when filamentation is terminated when
the background surrounding reservoir is blocked using a pinhole. Therefore, during
filamentation, even though the presence of large particles or droplets in the atmosphere result
in random sudden changes in medium which in turn cause a localised breakdown, the
propagation of the fs pulse continues unperturbed[15 |. This enables the ability to propagate
and transmit fs laser pulses over large distances with the use of filamentation (with pulse pre-

compensation to account for dispersion accrued). This allows us to create remote localised
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acoustic sources. Acoustic characterization and sensing is also beneficial and effective because

the acoustic systems are rugged, easy to use complimented with a large dynamic range.

Acoustic wave generation and detection

Filament
(interplay between Kerr self-focusing and
plasma defocusing)

Plasma (Multiphoton and tunnel ionization)

¥

Energy partitioned into degrees of freedom

P\

EM emissions Acoustic wave
studied using generation studied
Spectrometer using Microphone

¥

Filament intensity, Pk-Pk over pressure,
electron density arrival times, acoustic

estimation spectrum

Figure 5.1: Schematic showing the generation of acoustic waves from filamentation.

In this chapter we have first correlated the filament characteristics to the corresponding
acoustic emission profile along the spatial extent of the filament. The spatial acoustic profile
was obtained by scanning the microphone along the filament. Electron density and intensity
along the filament which were estimated from filament self-emission, were correlated with the
acoustic data. After characterization of the acoustic emissions with respect to the spatial
filament electron density, we find that acoustic emission from the filament can be used to
characterise filament properties such low plasma density filaments or multiple filaments which
conventional optical/spectroscopic methods cannot detect. Moreovet, the high dynamic range

of 3 orders can be used to characterize a broad variety of filament formation.
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5.2 Acoustic characterization of fs filaments

The experimental setup used to for acoustic diagnostics of the filament is illustrated in
figure 5.2. The microphone used for the experiments was a GRAS 40DP, with a sensitivity of
1mV/Pa and frequency response from 20Hz to 140kHz. The static pressure of atmospheric
pressure at 10> Pa is taken as zero (reference) on the y-axis, therefore giving a flat curve when
there is no acoustic source. The oscilloscope used for the acquisition is triggered using a laser
triggered photodiode, and only the window of the first acoustic peak is taken to avoid the
reflected components [16]. Once the signal is acquired in the time domain, we obtain the
various parameters used to analyse the acoustic pulse namely, arrival time (Ay), peak to peak
over pressure (Py), pulse burst time (W), decay time (D) and ratio of compression to
rarefaction. The spectrum of the acoustic pulse is then obtained using a fast fourier transform
(FFT) of the temporal pulse to get the frequency content of the pulse. The frequency
distribution provides information of the existence of distinct oscillations in the plasma. This

cannot be extracted from analysis of the pulse profile in the time domain alone.

Laser
Parameters: Fiber coupled
50fs; 1kHz Spectrometer
800nm; 2mJ/pulse
Polariser <1 * Motorised

’Translation Stage
|

Optical Fiber i
Filament

Acoustic waves
Supercontinuum

Microphone

A/2 plate Lens

Digitising
Oscilloscope

Figure 5.2: Experiment schematic for acoustic characterization of filaments.

The acoustic pulse which was collected is shown in the figure 5.3a. The acoustic profile
can provide ample information regarding the dynamics of the generated plasma. We can do
this because of the high repeatability of the plasma dynamics and subsequent acoustic pulse

from filamentation triggered by the fs laser pulse. We can therefore characterize the acoustic
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pulse according to the arrival time, amplitude of the peak to peak overpressure and pulse
duration/burst time. We can also characterize the pulse according to the ratio of compression
to rarefaction. Figure 5.3b also shows the corresponding frequency spectrum of the acoustic
pulse which was obtained by FFT. The shown acoustic pulse has a uniform profile which is
turther supported from the frequency distribution which shows a broad frequency distribution

centred around 110 kHz having a FWHM of ~ 45 kHz.
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Figure 5.3: Time domain and frequency domain signal from the filament generated using a
150mm lens.
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The acoustic pulse was acquired along the length of the filament thereby establishing
the spatial acoustic profile of the filament. Figure 5.4 shows the variation of peak to peak over
pressure along the filament with the optical image of the filament generated using a 150mm
lens superimposed. We find that the microphones provide a spatial resolution of 2 mm and
we can map the spatial extent of the filament even beyond the visible portion of the filament

as shown in figure 5.4.
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Figure 5.4: Peak to peak over pressure profile along the filament generated from a 150mm

lens.

Filaments were generated with the 150mm lens under varying input pulse energies
ranging from 0.25 m] to 2.3 m] per pulse. This was done to observe the effect of the change
in plasma electron density on the acoustic emissions from the filament. As the filament is
generated from a 150mm tightly focused laser pulse, the spatial extent of the filament is small
(3 mm). We know that the peak intensity increases with pulse energy. This was shown in
chapter 3 where the intensity of the filament increases up to the maximum pulse energy
available at 3.6 m] per pulse. Filament generated from a 150mm lens also has negligible shift
in onset of filament with change in input pulse energy. Figure 5.5 shows the peak to peak over

pressure observed with change in input pulse energy.

121



Evaluation of filament induced acoustic emissions in air

3.5 -

254 A _

2.0 . -

1.5 P .

0.5 P i

Peak to peak over pressure (kPa)
| |

0.0 0.5 ' 1?0 1?5 l 2.0 ' 25
Energy (mJ)

Figure 5.5: Change in peak to peak over pressure with input pulse energy from a filament
generated using a 150mm lens in air.

We measured the arrival time along with the burst length of the acoustic pulse with
change in input pulse energy for the filament generated with the 150mm lens, shown in the
figure 5.6. We observe a decrease in arrival time of the acoustic pulse with increase in pulse
energy. This happens because more intense plasmas with high electron densities emit acoustic
waves at higher velocities. The arrival times can therefore be seen to be inversely proportional

to the plasma density.

In figure 5.7 we compare the spatial variation of peak to peak over pressures measured
for filaments generated from 500mm and 2000mm lens. The relative magnitude of the over
pressures for the 2 cases as can be seen in the figure reflect the electron density estimation
along the filament generated using a 500mm lens. It should also be noted that the filament
generated from the 2000 mm couldn’t be characterized by spectroscopically as the filament
self-emission signal is too weak. In such cases the acoustic characterization can be very good
tool to give an estimate of extent of filament and distribution of electron density as the acoustic
profile of the 2000mm lens is well mapped. Filament images show that the filament generated
from 500mm and 2000mm have a visible spatial extent of 3cm and 15cm respectively. It can

be seen that acoustic signal exists beyond the visible extent and optical characterization extent.
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We can identify the existence of filaments by simultaneously analysing the arrival times and
acoustic pulse profile. Change in the acoustic peak to peak over pressure can be systematically
correlated to other characterization techniques (using self-emission spectra or damage analysis)

and calibrated to estimate electron density in the filament.

I I ) I
45 - o
) i
\ r L 18
®
/

— " T
g N ° g
~ ./ " a
) 44 — L ./ Ll
£ \ ./ )
e Q
- ']7 —_
3 / m =)
£ ™~ =
< o - . 7}
/ — 2

S
® =
8y .
° g
T T T T 16
0.0 0.5 1.0 1.5 2.0 25

Energy (mJ)

Figure 5.6: Arrival times and burst time of acoustic pulses with change in pulse energy from
a filament generated using a 150mm lens.

10001 —a— 500 mm
E —e— 2000 mm
= A ‘991 P
& 800 a
S
@
» 600
)
.
o
5 400-
3 _A32Pa
X d
o 200
=
o
0- T
-100 -75 50 25 0 25 50 75 100 125

Filament Postion (mm)
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5.3 Spatial characterisation of acoustic emissions from filaments

generated with different focal geometry

Acoustic emissions along the filaments generated using different lenses was measured
by translating the microphone along the length of the filament. The arrival times and the peak
pressures vary along the filament indicating varying electron densities and filament intensities.
The filaments which were classified as loose and tightly focused filaments were taken to be the

primary classification for this study of focal geometry on filament induced acoustics as well.

The microphone used has a spatial resolution of 2mm, because of which short
filaments cannot be well resolved. It can be seen that the microphone picks acoustic signals
from regions where filament does not emit in the visible region. The acoustic profile of the
filaments generated from the lens having focal length 150mm and 300mm which correspond
to tight focusing conditions and 500mm and 2000mm which correspond to loose focusing

conditions are shown in the figure 5.8.

It can be seen from the plots that the arrival time of the pulse increases when the
microphone goes beyond the visible spatial extent of the filament for tightly focused
(f=150mm and 300mm) but the profile of the pulse does not. Acoustic studies done on laser
matter interaction of nanosecond and picosecond pulses have shown that the arrival time is
inversely proportional to the electron density and peak to peak over pressure is directly
proportional to the electron density [6, 17]. We will find from acoustic studies of filamentation
that arrival times and burst time of the pulse also reflect the plasma dynamics in the filament.
During filamentation, the initial wavefront before the onset of filamentation is crucial to the
subsequent dynamics. These dynamics define the existence of intensity clamping and plasma
generation in the filament. As the filament from the 150mm lens is very small due to the large
curvature in the initial wavefront, we find that the filament cannot be resolved beyond the
spatial extent of the microphone. Increase in focal length increases the radius of curvature of
the wavefront because of which we increase in the filament generated from the 300mm lens
where we observe an minimal change in arrival time (<2us) for a region (~20mm) of the spatial
acoustic profile of the filament [18-20]. When observing the acoustic profile of the filament
from 500mm lens, along with drop in magnitude, we find drastic changes in pulse profile and

burst length especially at the peripheries with negligible changes in the arrival time.
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Figure 5.8: Acoustic profiles of filaments generated using lenses with; (top) tight focusing
conditions (focal length (mm) =150 and 300) and (below) loose focusing conditions (focal
length (mm) =500 and 2000).
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To further understand this, the estimated electron density and intensity of the filament

which influence the acoustic emission are shown in the figure 5.9.
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Figure 5.9: Electron density and intensity profile alone filaments generated using 150mm
and 500mm lenses.

The filament generated from the 500mm lens could be spectroscopically characterized
up to a spatial extent of 30mm, but the acoustic profiles show that the spatial extent of the
filament is ~50mm. Moreover, we also observe a drastic change in the pulse profile and burst
length at the peripheries of the filament. It is hypothesised that this is due to the existence of
multiple weak filaments which propagate collinearly before and after the regime of single

filamentation [19]. The multiple filaments have their own corresponding acoustic signals which
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interfere and modify the observed acoustic pulse. We know there exist multiple filamentation
even in tightly focused filament but the tight packing and negligible differences between
electron densities of the filaments causes the temporal profile to be highly uniform which is
further supported when the ourier transform is taken to make the frequency distribution [20].
The electron density and intensity plots estimated from the filament induced self-emission
spectrum of the filament generated using the 500mm lens do not show occurrence of dynamic
changes at the peripheries of the filament which are revealed in the acoustic signal profile of

the filament.

The acoustic emission from the filament generated using the 2000m lens on the other
hand shows a highly uniform profile along the filament whose arrival time and pulse profile
do not vary over a distance of ~25cm while the visible extent is ~15cm. The wavefront that
leads to the filament generated using the 2000mm lens has a large radius of curvature because
of which the filament observed has a uniform plasma density over a long distance. As this
filament is not visibly bright, spectroscopic or optical characterization is a challenge. This
experiment shows the ability of acoustic profiling of filaments to detect weak filaments which
can be further characterized. This can be done when the acoustic signals are calibrated with
respect to known electron densities according to the distance from detector to source of signal.
The filament generated from the 2000mm lens has a characteristic cylindrical acoustic emission
profile which only varies in amplitude along the filament but has a constant arrival time. There
is also minimal variation in acoustic profile as it will be further justified from the frequency

distribution of the emissions obtained from the Fourier transform of the input pulse.

The change in arrival time and pulse width/burst lengths for the different focusing
conditions are shown in the figure 5.10. We can see that the curve of the burst time and arrival
time have same profile all along the profile of the filament generated by the 150mm lens, even
beyond the filament extent. There is a minor deviation between the profiles of the two curves
showing arrival times and burst length at the peripheries of the filament generated using the
300mm lens. This deviation between the curves becomes significant from the filament
generated from the 500mm filament. We attribute this is to the existence of multiple filaments
at the peripheries of the filament whose acoustic signals interfere and produce increased burst
times. This can be emphasized further when one does a frequency transform and observe the
spectral components in these positions along the filament. The burst time and arrival time

plots observed for the acoustic pulses from filament generated using the 2000mm lens shows
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Figure 5.10: Arrival times and pulse widths/burst times of the acoustic pulses along the
filament generated from 150mm, 300mm, 500mm and 2000mm lenses.
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The filament from 2000mm has a highly uniform spatial profile only showing drop in
the magnitude along the filament while the pulse profile and arrival time remain constant. The
curves are therefore parallel to each other and the x-axis which is the position along the
filament. This uniform acoustic profile exists much beyond the visible filament while having a
cylindrical emission profile. This also indicates the significance of the input pulse front
curvature which leads to filamentation and the subsequent dynamics. We observe a transition
from tight focusing conditions to loose focusing conditions, along with filament behaviour

during this transition using a simple and effective method.

5.4 Frequency spectrum of the acoustic pulse: Spatial variation

along the filament

The acoustic pulses were further transformed to the frequency domain by fast Fourier
transform. Acoustic pulses being transient signals (<20us) have a broad frequency distribution.
The acoustic pulses were first zero padded before doing the Fourier transform to increase the
resolution of the Fourier distribution. The frequency distribution at the most intense part of

the filament for all the lenses used is shown in the figure 5.11.

Frequency analysis of the signals shows that although the electron densities vary, the
peak frequency at the most part of the filament remains constant at 100-110kHz even when
the electron density reduces by ~5 times when filament generation varies from 150mm to
2000mm focal length. This is unlike acoustic generation from laser matter interaction of longer
pulses in the picosecond or nanosecond regime where we observe, drop in central frequency
of the frequency distribution with increase in pulse energy. This observation in the case of
longer laser pulses is due to the correlation of plasma width to the central peak frequency of
the plasma which forms due to inverse Brehmsstrahlung ionization or avalanche ionization. In
the longer pulse regime the time scale of the laser and laser energy determines the energy
redistribution leading to acoustic pulse generation in air, where the average collision time in air
is ~400fs. This can be further emphasised when comparing acoustic emissions from
nanosecond and picosecond pulses in air, the central peak frequency for ns pulses (30m] , 7ns)
is ~70kHz and the central peak frequency for ps pulses (30m]J, 30 ps) is ~100kHz [6]. The
increased lifetime and dimension of plasma leads to the acoustic emission dropping in peak

central frequency. In the case of femtosecond pulses the lifetime of the plasma does not
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depend on the laser as the laser pulse is much shorter than the plasma lifetime and energy
redistribution processes. Therefore, we do not observe a large shift in the frequencies between

filaments formed in air with varying electron densities.
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Figure 5.11: Frequency distribution at most intense region of filaments generated from the
different lenses (f(mm)=150, 300, 500 and 2000).

The central frequency of all the filaments at the most intense region is found to be the
same and is centered around 100-110kHz. We also characterised the spatial variation of the
frequency content of the acoustic pulses along the length of the filament for all the filaments
from various lenses. The figure 5.12 shows contour plot of the normalized frequency
distribution along the length of the filament for the tight focusing regime of filaments
generated using lens of focal length 150mm and 300mm. It can be seen that the central
frequency starts reducing once the microphone crosses the spatial extent of the filament which
is as expected. The acoustic frequency distribution profile along the filament generated from
150mm lens is smooth as we do not have the spatial resolution because the filament length is
comparable to the diameter of the microphone diaphragm (~1/8inch). The acoustic frequency

distribution profile for the filament generated from the 300mm lens although largely uniform,
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shows existence of minimal irregularities at the periphery of the filament which can indicate

interference of multiple acoustic signals from multiple filaments.
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Figure 5.12: Central frequency of acoustic signal along the filament from filaments
generated from lens having focal length of (left) 150mm and (right) 300mm.

The figure 5.13 shows contour plot of the normalized frequency distribution along the
filament for the loose focusing regime of filaments generated using lens of focal length 500mm
and 2000mm lens. The acoustic frequency distribution profile for these filaments show large
differences especially when studying the periphery of the filament. The frequency distribution
at the peripheries of the filament generated using the 500mm lens clearly shows the existence
of multiple frequency components. The filament generated from 2000mm lens on the other

hand displays a uniform emission at a single frequency all along the filament.
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Figure 5.13: Central frequency of acoustic signal along the filament from filaments
generated from lens having focal length of (left) 500mm and (right) 2000mm.
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Figure 5.14 shows profiles at the central and peripheral positions to better illustrate
the existence of multiple frequencies from the acoustic profile obtained from the filament
generated using a 500mm lens. Multiple filamentation occurs for filaments generated using the
150 mm and 300mm focal length also, but they are tightly packed and therefore cannot be
resolved, especially for filament generated using the 150mm lens. The filament from the 300
mm lens shows slight evidence of multiple filamentation but it becomes more evident in the
filament from the 500 mm lens as the filaments separate out better. Other than just showing
existence of weak filaments we can observe significant characteristic changes in the acoustic
pulse profile (due to addition of individual acoustic pulses from multiple sources) and
frequency distribution from the acoustic signal obtained from the tail and front of the filament
generated from 500mm lens. Figure 5.14 shows the acoustic pulse profile and frequency
distribution at the points at the filament position where multiple frequency components are
observed. A complex shape obtained due to coalescing of individual acoustic emissions from

multiple filaments in turn leads to a frequency spectrum with multiple frequency peaks.
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Figure 5.14: Acoustic signal frequency distribution at different positions along the filament
generated by the 500mm lens.

This is the region of weak filaments which are propagating separately before and after
coalescing into a single filament. The acoustic signal due to the interference of the acoustic
pulses from multiple filaments is the cause for the increase in the pulse width and the existence
of multiple frequencies at the peripheries of the filament generated from the 500mm lens as
shown in the figure 5.14. Acoustic profiling can therefore in principle be used to identify weak

filaments and also identify other properties of filaments such as multiple filamentation which
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conventional optical characterization techniques don’t provide unless we use high resolution
imaging of the filament. Therefore spatial acoustic profiling of a filament can provide a holistic

picture of the different kinds of filaments that can be generated.

5.5 Spatial characterisation of acoustic pulses from filaments

generated from a single lens and a lens combination (telescope)

The filaments were generated under the same focusing conditions using a lens
combination and the acoustic profiles were compared. As we have observed contrasting
acoustic emission profiles generated from the 500m and 2000mm lens, we have generated
filaments under these same focusing conditions. Acoustic signals from filaments generated
under an effective focal length of 500mm are shown in the figure 5.15. This was done to not
only test the existence of similar acoustic pulse instabilities for common focusing geometry,

but also develop an effective variable focal length mechanism.
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Figure 5.15: Acoustic pulses along the filaments generated using a single lens and a
combination of lenses with feg=500mm.

We observe the similar behaviour between both the filaments along with the change in

pulse profile at the peripheries of the filament. We observe a drop in the amplitude of the peak
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to peak over pressure by ~50% from the filament generated using the combination of lens.
This is because of the increased dispersion and scattering that occurs due to the propagation
of the pulse through two lenses instead of one lens which reduces the input pulse intensity.
The instability in the acoustic profile is more emphasized from the filament from the
combination of lenses. The instability exists for longer distance before the onset of the uniform
acoustic pulse profile and also begins earlier after the uniform acoustic pulse profile for the
filament generated from the combination of lenses. We observe this because of the increased
number of spatial instabilities and aberrations arising due to propagation through two lenses
in the case of the filament generated from a combination of lenses. These observations
become more emphasized when noting the frequency distribution comparison of the acoustic
profile from filament generated under the two focusing mechanisms shown in the figure 5.16.
The frequency distribution shows common central frequency at 110 kHz at the most intense
part of the filament, but the number of frequency components that arise from the peripheries

of the filament generated using the combination of lenses are more.
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Figure 5.16: frequency distribution of acoustic pulses from filaments generated using a
single lens and a combination of lenses with feg=500mm.

Filaments were generated using the combination of lenses with an effective focal length
(ferr) of 2000mm using a single lens and a combination of lenses. The observed acoustic pulses

with propagation are compared as shown in figure 5.17.

The filaments generated have the same acoustic profile along the filament, with a drop

in the amplitude of the peak to peak over pressure by ~80%. The difference in amplitude
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reflects the electron density difference between the filaments generated from the two focusing
mechanisms. This drop is much larger than that was observed from filaments generated under
an effective focal length of 500mm. The frequency distribution of the acoustic signals along
the filaments generated plotted in figure show that other than drop in the amplitude of the
peak to peak over pressure, there is no significant contrast between the filaments generated

with this effective focal length.
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Figure 5.17: Acoustic pulses along the filaments generated using a single lens and a
combination of lenses with fe=2000mm.

We observe a constant peak frequency at 110 kHz which stays constant all along the
propagation of the filament for both focusing mechanisms as seen from the figure. This shows
that filaments generated using a lens combination have the same properties as those generated
from a single lens, except for a drop in intensity. Clear correlation between acoustic signal
properties such as peak to peak over pressures and arrival times can help identify and

distinguish weak filaments which cannot be characterized spectroscopically.
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Figure 5.18: frequency distribution of acoustic pulses from filaments generated using a
single lens and a combination of lenses with fef=2000mm.

5.6 Effect of aberrations and pulse chirp on Filament induced

acoustic emissions

The third chapter of this thesis highlights the effects of optical element induced
aberrations on filamentation. The various filament characteristics such as SCG, intensity and
clectron density were correlated to the aberrations estimated from the different optical
elements used under common tight focusing conditions. We have extended this study to do
an acoustic analysis of the filaments generated under the tight focusing conditions, a regime
where optical element induced aberrations are crucial in filamentation. The acoustic signal was
collected with change in chirp as well, by changing the separation between the gratings of the
laser amplifier [21]. This was done because we observe many changes in filamentation
dynamics with chirp. The study was performed only under tight focusing geometry (f/#<10)
because the onset distance of filament generated under loose focusing conditions changes with
change in chirp demanding full acoustic profiling with chirp [22-26]. In the study, a variety of
lens were used, the results show the variation of acoustic peak to peak over pressures obtained
from a GVD corrected thin lens, thick lens and achromatic doublet. The thin lens was made
to have low GVD for use with femtosecond pulses which have a broad frequency distribution.
The thick lens induces a good amount of GVD and pulse delay which varies radially along the
transverse profile of the beam, inducing the most number of aberrations. The achromatic

doublet on the other hand also induces a large amount of dispersion due to the thickness but
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this lens is designed to not have a radially varying component of dispersion or pulse delay. As
can be seen in the figure 5.19, with change in chirp, we find that filaments from both the thick
and thin lens show maximum peak to peak over pressure at zero chirp. As seen we do not
observe large contrast between thick lenses and GVD corrected thin lenses, other than a
difference in the peak to peak to peak acoustic pressure. It was shown in the third chapter that
the existence of a radially varying phase in the pulse front is a crucial factor for filament
characteristics. Therefore, although we see that the thick lens has a much higher overall GVD
as compared to the thin lens, the added curvature in the pulse front is the same for both the
lenses. The third chapter also discusses filamentation generated from an achromatic doublet
lens lens which does not have a radially varying phase in the pulse front but has a large overall
GVD. Because of the overall first order and second order dispersion that gets induced in the
pulse that propagates through the achromat we find improved filament characteristics for

chirped pulses rather than unchirped transform limited pulses.
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Figure 5.19: Peak to peak over pressures from filaments generated using a thin lens with
focal length 50mm (left) and thick lens with focal length of 60mm (right) with change in
chirp.

The filament from the achromatic doublet on the other hand has maximum peak to
peak over pressure at positive chirp as can be seen in the figure 5.20. As detailed in earlier
chapters, at this chirp we also observe increase in supercontinuum generation at the same chirp

value of ~2 for the filament from the achromatic doublet.
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Figure 5.20: Peak to peak over pressures with varying chirp and corresponding filament
images from filaments generated using an achromat doublet lens with focal length of
100mm.

It was suggested that the increase in supercontinuum at positive chirp is due to shift in
the central wavelength towards higher frequencies. The positive chirp combined with the
considerable amount of first order dispersion which induces pulse to phase front delay causes
the peak to shift towards the higher frequencies. It can also be seen that acoustic peak to peak
over pressure increases for negative chirp as well, this is due to compensation of GVD induced
by the achromatic doublet that occurs by inducing negative chirp thereby increasing the
intensity of the pulse. When observing filament images from achromatic doublet it can be seen
that the filament disappears at positive chirp of 2 and reappears at higher chirp along with a
corresponding large continuum which can be shown from the FIBS spectrum from chapter 3.
The existence of a broader supercontinuum and higher magnitude of peak to peak over
pressure at 2 chirp indicate larger electron density compared to zero chirp although the plasma

is not visible.

5.7 Summary

Femtosecond filamentation causes the generation of acoustic waves from the filament

due to plasma that expand into ambient atmosphere which launch acoustic waves propagating
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with varying parameters such as peak-peak overpressures, burst length, arrival time, frequency
distribution. In this chapter the non-optical characterization of fs filaments in atmosphere is
presented. Filament characteristics such as the intensity and electron density were correlated
to the acoustic emission profile along the filament. We find that the plasma density is
proportional to peak to peak overpressures associated to the observed acoustic signals.
Acoustic profiling of filaments can therefore probe the plasma dynamics existing inside a
filament. The Fourier transform of the acoustic signals was done to provide the frequency
distribution of the acoustic pulse as well. We have found that acoustic profiling of plasma
density in the filament is more sensitive than optical techniques, especially when we observe
weak filaments whose optical emissions cannot be collected and also because it has a dynamic
range of three orders. The temporal pulse length along with the spectral decomposition of the
pulse shows the development and termination of multiple filamentation in the filament. The
longitudinal acoustic emission profile was also able to distinguish single and multiple
filamentation, such that we can also identify the exact region of multiple filament coalescence
into a single filament. To further explore the extent of acoustic characterization of filaments,
filaments with varying aberrations were compared. The acoustic characterization of filament
from an achromat doublet lens with varying chirp was done and it can be seen that plasma and
intensity trends observed using spectroscopic trends are reproduced in the acoustic signals
observed. The studies were extended towards sensing of molecular aerosols by using acoustic

data from filament aerosol interaction. The detailed results are presented in Chapter 7.
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Filament Induced Electromagntic emissions (FleL.M)

CHAPTER 6: Filament Induced elLectro
Magnetic (FIeLM) emissions: L-band RF

emissions from fs laser filaments

Abstract:

Emissions in the radio frequency region from laser matter interaction due to
bulk charge oscillations and currents, provides a highly promising technique for
characterization of materials and remote generation of electromagnetic RF pulses.
Although one can generate a plasma in a remote region using femtosecond pulses, the
highly transient nature was thought to not produce ion movement which generates RF.
We have shown generation and detection of RF from femtosecond filamentation which
is highly directional and dependant on the plasma dynamics. Time domain signals
were collected using a dipole antenna, which were transformed to the frequency
domain using Fourier transform. To correlate the RF generated to the plasma
dynamics, we have first observed the influence of focal geometry on the RF emission,
which was extended to the study with change in polarization showing highly
contrasting results when compared to other emissions from filamentation. RF
emissions were also studied under the influence of lens tilt which, not only enhances
the RF signal but also cleans the pulse profile as can be seen from the signal and the

frequency distribution.

6.1. Electromagnetic pulses from laser matter interaction

Femtosecond filament which is the outcome of the interplay between Kerr self-
focusing and plasma defocusing generates a quasistatc plasma column along its highly intense
propagation regime [1]. The coexistence of the laser pulse and plasma column in the filament
creates charge separation and current flow which causes emissions in the lower frequency
range in the electromagnetic spectrum along with that generated in the visible frequency range
[2]. This transient electromagnetic pulse is characteristic to the plasma generated and therefore

also the input fs pulse. Plasma properties such as temperature and density define the various
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emissions that arise during recombination and plasma evolution which tends to equilibrium
after the laser pulse has passed [3-5]. These emissions can be both mechanical and
electromagnetic emissions. As discussed in the earlier chapter mechanical emissions give rise
to shockwaves or acoustic emissions, arising due to steep pressure and temperature gradient
that exists between the plasma and the surrounding atmosphere [6, 7]. The electromagnetic
emissions arising from molecular transitions have been extensively studied in the earlier

chapters. These emissions lie in the visible and near visible spectral range.

We also observe electromagnetic emissions in the THz and radio frequency range from
the filament, a range of frequencies in which very few sources are available [8, 9]. The THz
emission which is due to electron current created by the pondermotive force increases by an
order when propagating 2 color filaments made from the fundamental and second harmonic
[10, 11]. Intense laser matter interaction has also shown low frequency emissions in the radio
and microwave frequency range. RF emissions from nanosecond and picosecond laser matter
interactions arise also due to charge acceleration by the laser. Ionization mechanisms are also
largely avalanche ionization and inverse Bremsstrahlung ionization for laser matter interaction
in that pulse duration [12]. The plasma generation in the case of femtosecond filaments in air
is largely multiphoton ionization and there is negligible heating because of which multiple
discrete electric moments can be detected [13]. Emissions in the RF range from femtosecond
filaments are mainly due to charge separation along the filament and pondermotive force that
accelerates lighter ions comparted to heavier ions [14]. RF from Filament interaction with solid
targets is much more intense and it was found that RF emissions from any material is element
specific thereby provides another characterization technique using laser matter interactions
[15]. The ability to create a filament in at remote distances provides us with a unique tool to
generate RF in a desired region [16]. The plasma generated from a filament was also shown

to be applicable as an antenna [17].

The very first observations of RIF emissions from laser generated plasma by Pearlmann
and Dahlbacka was observed by irradiating thick and thin films targets with 50ps pulses centred
at 1.06um, where a broad range of RF emissions were detected ranging from 1 to 300MHz
[18]. It was suggested that the mechanism of emission was due to macroscopic charge
oscillations as the frequencies were much below the plasma frequency of the medium [19].
Microwave emissions were also observed using high energy nanosecond pulses produced using

a COz laser and it was hypothesised as due to ion-acoustic instabilities arising from propagation
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of supra thermal electrons from the light induced breakdown [20]. Sub-terahertz radiation was
observed from filaments generated using the Teramobile. It was suggested that electrons left
in the trailing plasma channel oscillate at the plasma frequency to produce this radiation [19].
We find that RF emissions from laser matter interactions cover a broad range of frequencies

where conventional RF sources cannot emit.

Ground penetrating radar (GPR) which is used to detect subsurface objects is limited
by the requirement of a broad range of emitters and antennas [21]. The emissions in the RF
range arising from the laser induced breakdown can be used towards laser driven ground
penetrating radar (LGPR), as they can be a replacement of the conventional ground
penetrating radar which requires a broad range of antennas and long acquisition time especially
to probe remote regions [22]. The broad emission from filaments along with the ability to be
generated from a remote location make Femtosecond filament induced LGPR a highly
promising prospect for future detection technologies. The ability to remotely generate an
electromagnetic pulse in the RF range also provides us with countermeasure tools where one
can disable electronic equipment with electromagnetic pulses generated near the target threats
[23]. The combination of a femtosecond and a nanosecond pulse shows increase in RF by an

order when the femtosecond pulse precedes the nanosecond [24].

Although ns and ps pulses demonstrate RF emissions owing to the long pulse duration
(compared to fs) which heats and accelerates the electrons, fs pulse generated R emissions
have not been deeply explored mainly because the plasma is not dense and also because the
pulse duration was thought to be too short to induce bulk charge movement or charge flow
which causes RF emissions [25]. Moreover, the highly transient nature of fs laser generated
plasma especially in air makes RF acquisition using spectral analysers a challenge. The ability
of femtosecond lasers in the infrared region to propagate long distances in atmosphere
provides us with a great remote generation tool, if one can generate RF using femtosecond
filaments. However, the efficiency of conversion of input femtosecond pulse energy which
forms the filament in air to RF is in the order of 10-8[4]. The aim of this work is to detect and
enhance the RF from filaments. We have therefore used different acquisition setups to detect
and analyse the RF emissions from the filament. We were able to not only detect RF signals
but also enhance it by varying some input laser parameters. As the process of filamentation
creates widely varying dynamics in the plasma formation, the emissions although transient can

be enhanced and modulated using the input pulse. We address this transient pulse in the
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frequency range of Radio waves and terahertz waves as an electromagnetic pulse. The effect
of focusing conditions on the RF emission was first studied. Under these conditions the input
polarization was also tuned to detect the enhancement. It was then shown that asymmetry in
the pulse wavefront using lens tilt drastically increases the RF signal. These studies can be used

to remotely generate an electromagnetic pulse using a properly tailored femtosecond pulse.
6.2 Experiment and analysis details

As the filament has a highly transient nature, the RF emitted from the filament is also
equally transient, making RF acquisition a challenge because of which we have used a

combination of a near field dipole antenna with an oscilloscope.
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Figure 6.1: Experimental schematic. HWP- Half wave plate; QWP- Quarter wave plate, TP-
Thin film polarizer; L-lens

On using the combination of a near field dipole antenna and an oscilloscope for the
RF detection and characterization of filaments, we can get a direct RF signal only limited by
the bandwidth of the antenna and the oscilloscope. The length of the antenna is 8mm and
radius is 2mm, giving us a resonant frequency f ~4GHz. The antenna is therefore most
sensitive in this region of the frequency range. The antenna has an input impedance of 50€2.
The oscilloscope has a sampling rate of 5GSa/s which gives us a maximum frequency

acceptance of 2GHz. The schematic of the experiment is shown in the figure 6.1.
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The RF signal acquired from a filament generated using a 150mm lens is shown in the
figure 6.2. It can be seen that the oscillations can be resolved with the available antenna
bandwidth and sampling rate of the oscilloscope. Signals from varying filaments can be easily

distinguished using this acquisition setup.
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Figure 6.2: RF signal from a filament generated from a 150mm lens at a pulse energy of 2m]
using linearly polarized pulses.

The time domain signal can be better analysed by applying the Fourier transform which
gives us the spectral content of the pulse. Figure 6.3 shows the frequency distribution of the
acquired signal. The frequency distribution helps resolve frequency components arising due to

discrete oscillating moments, which cannot be resolved from the time domain signal alone.

Figure 6.1 clearly shows the various optical elements used to modify the input pulse

characteristics and the detection geometry used to collect emitted RF. The polarization of the
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input pulse was modified using a quarter wave plate. The combination of a half wave plate and
polarizer help us vary the input pulse energy. The focusing conditions were chosen to generate
filaments in the loose and tight focusing conditions, we have therefore used the lens with focal
lengths 500mm and 150mm respectively. The lens were mounted on a rotational stage to

induce lens tilt in the focusing conditions.
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Figure 6.3: Frequency distribution of the RF signal from a filament generated from a
150mm lens at a pulse energy of 2m] using linearly polarized pulses..

6.3 Role of focusing geometry

The variation in filamentation dynamics arising due to focusing conditions was
discussed in the eatlier chapters. The lenses used for focusing the light pulses were the 150mm
and 500mm lens to generate tight and loose focusing conditions respectively. It was shown in

the earlier chapters that the plasma density is more for tight focused filaments compared loose
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focused filaments. The spatial extent of the filament on the other hand increases by an order
for loosely focused filaments as intensity clamping is easily achieved and the pulse front has
minimal curvature before the onset of filamentation [11, 12]. The RF signal was observed using
a band width limited near field dipole antenna coupled to an oscilloscope which has an
acquisition rate of 5 GSa/s. The oscilloscope was triggered using the signal from a photodiode
placed before the focusing lens. Light pulses used for this study were linearly polarized. The
antenna was translated along the filament and the position where we obtained maximum
amplitude was chosen to acquire the signal. Since the RF emissions occur as a conical emission,
this position was found to be at a distance of 3mm above the filament and ~ 3 mm from the
center of the filament in either direction. It should be noted that this position of the antenna
is beyond the spatial extent of the filament for both the loose and tight focused filaments. This
is because the emission is conical in nature similar to the emission nature of supercontinuum
and terahertz radiation from the filament, indicating a coherent directional radiation. The RF
signal can be seen to be a highly transient signal which lasts for <10ns (limited by the detection
bandwidth). As will be shown these emissions have therefore a pulsed profile which can be
modulated. These transient emissions hence observed are filament induced electromagnetic

pulses.

Figure 6.4 shows the RF signals in the time domain from filaments generated from
150mm and 500mm lens. The RF emission in the case of the filament from the 150mm lens
has twice the temporal width compared to that of the RF signal observed from the filament
tfrom 500mm lens. The amplitude of the signal also is twice for the filament from 150mm lens,
especially for linearly polarised light. It can be seen that the amplitude of the trough of the RF
pulse is not the equal to the crest of the RF pulse from filament generated using the 150mm
lens, whereas they stay the almost same for the filament from the 500mm lens. Observation
of the profile of the signal in time domain shows a simple pulse profile for the filament
generated from the 500mm lens, but the oscillations observed from the filament generated
from the 150mm filament can be seen to have irregularities along with increased temporal

duration.
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Figure 6.4: Time domain RF signals from filaments generated from lens with focal lengths of

150mm and 500mm using linearly polarized femtosecond pulse with pulse energy of 2m].

Figure 6.5 shows the frequency distribution of the RF pulses from 150mm and 500mm
lens for linearly polarized light. The distribution in the frequency domain shows a broad

distribution with a maximum at 0.8GHz as should be expected from simple transient pulses
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from the filament generated from the 500mm lens, but the spectral distribution of the signal
from the filament from the 150mm lens shows multiple maximums. This study shows that
loosely focused filaments have lower amplitude and pulse duration especially for linearly
polarized light, but have a uniform pulse profile and frequency distribution when compared to

tightly focused filaments.
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Figure 6.5: Frequency distribution by Fourier transform of the RF signals from filaments
generated from lens with focal lengths of 150mm and 500mm
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6.4 Role of polarization

We have shown in earlier chapters the effect of polarization on the 3t order processes
during filamentation such as third harmonic generation and self-phase modulation leading to
UV and Supercontinuum respectively. Although efficiency of both processes reduces at
circular polarization compared to linearly polarized input pulses, enhancement can be seen at
an intermediate elliptical polarization. It was suggested that this was due to the occurrence of
filamentation induced birefringence which induces optimal refractive index modulations for
better third order processes. Change in polarization of the input pulses reduces the intensity
of the filament as the critical power increases for circularly polarized light for all focusing
geometries, this was shown in the chapter 3. In this study, polarization of the input pulse was
varied using a quarter wave plate and the RF signal was collected at the location where
maximum amplitude was observed at linear polarization. The signal was taken at three different
polarizations, linear, elliptical and circular polarization according to the angle of rotation of the

quarter wave plate at 0%, 22°, and 45° respectively with respect to the optic axis.

Variation of RFF emissions from filaments with change in polarization as shown in the
figure 6.6 show completely contrasting features when compared to other filament
characteristics such as electron density, intensity and filament induced third order processes.
We firstly find that amplitude of the signal increases for both focusing conditions with change
in polarization from linear to circular. Closer observation shows drastic enhancement in
amplitude by ~8 times for circularly polarized input pulses under loose focusing conditions,
as compared to an increase by only ~0.4 times for tightly focused filaments. The amplitude of
the signal for loosely focused filament at linearly polarized light was half of that observed for
tightly focused filaments, but transition of polarization from linear to circular polarization
causes RF from loosely focused filaments to surpass that from circularly polarized filaments
and is now 3 times the RF observed from tightly focused filaments. It can also be seen from
the inset in the figure that irregularities which exist in the RF signal in the time domain
disappear for circularly polarized pulses while still having remnants at the intermediate elliptical
polarization. The pulse oscillation profile for RF emission signal from loosely focused filament
stays constant and uniform for all the varying polarizations, with a drastic increase in

amplitude.
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Figure 6.6: Time domain RF signals from filaments generated from lens with focal lengths of
150mm and 500mm at three different polarizations namely linear elliptical and circular

polarization. Inset on the plots shows magnified signal to better illustrate signal profile.

The RF signal was transformed to the frequency domain and shown in the figure 6.7.
It can be seen as expected that the amplitude of the peak from RF from tightly focused
filaments does not show increase in amplitude but it can be seen that the multiple frequencies

that exist for linearly and elliptically polarized pulses disappear for circularly polarized pulses
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which agrees with the loss of irregularities observed in the signal of the time domain. The
frequency distribution of the RFF from loosely focused pulses carries the similar frequency
distribution with common central frequency for all the input polarization with an increase in
amplitude as polarization changes from linear to circular as can be expected from observation

of the uniform RF pulse profile observed from the time domain signal. Ion plasma (@)

frequencies and electron plasma (@,) frequency for the plasma number density estimated give
frequencies of the order of 10'° Hz and 10'? Hz [25]. These frequencies are higher than the

frequencies observed here indicating the presence of dipole oscillations in the filament.
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Figure 6.7: Frequency distribution by Fourier transform of the RF signals from filaments
generated from lens with focal lengths of 150mm and 500mm at three different polarizations.
(Notice change in y-axis scale between the plots for better illustration)
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6.5 Role oflens tilt

The 3rd chapter of this thesis discusses the effect of lens tilt on input pulse and
subsequent filament propagation. We have suggested that lens tilt induces a certain amount of
tilt in the wavefront and causes an elongation of the focal region because of comatic aberration
according to the angle of lens tilt [26-28]. Tilting of the lens can therefore have many effects
on the propagation of filamentation. In the earlier works we have used lens tilt to increase the
spatial extent of the filament and also suppress the supercontinuum. The introduction of
spatial asymmetry into the pulse propagation causes the elongation of the filament leading to
the formation of resolvable collinear and non-collinear filaments especially at tight focusing
conditions in which regime we observe plasma-plasma interactions leading to increase in third
harmonic generation and also supercontinuum generation at distinct tilt angles. We also
observe variations in RF generation from the filament as well. RF emission being an outcome
of charge movement and bulk oscillations, can be enhanced by the plasma and propagattion

dynamics brought about by lens tilt in filamentation.

This study was done using the 150mm lens which is in the tight focusing geometry. It
was not possible to conduct the study under loose focusing conditions because of the dramatic
variation of filament structure with lens tilt demanding a complete characterization of the
emission profile. The change in filament structure, intensity and supercontinuum with lens tilt
is shown in the 34 chapter (figure 3.15-3.18). Although the RF signal decreases with lens tilt,
it increases dramatically at a lens tile angle of 6°. Here, we show the signal that was obtained at
alens tilt of 6, this is the regime where we observe an increase in SCG with elongated filament.
The filament intensity here is half of filament intensity at zero tilt at 80 TW/cm?. On observing
the RF signal from this filament and comparison to filament with zero tilt, we find that the
observed signal has a uniform profile without irregularities as can be seen from the filament
generated from zero tilt along with an increase in amplitude as shown in the figure 6.8. It is
interesting to note that introduction of aberrations provides a much more uniform and

enhanced signal compared to the filament without aberration.

We can further see from figure 6.9 that the frequency distribution has a single
maximum when Fourier transform is taken. When the pulse was circularly polarized, the
enhancement is 5 times more when compared to a filament with zero tilt where we observe
only a 30% increase in amplitude. It can also be seen that in the frequency domain the

frequency at the maximum of the frequency distribution shift towards higher frequencies with
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Figure 6.8: RF signals without lens tilt (top) and with lens tilt (bottom) at three different

polarizations.

change in polarization from linear to circular. The behaviour of the filament under this lens
tilt angle is very similar to a loosely focused filament except for shift in frequency at maximum
towards higher frequency. Further exploration of the plasma dynamics of filamentation and

characterization can shine light on the underlying reason for these mechanisms.
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Figure 6.9: Frequency distribution of the RF signal from filament without lens tilt (top) and
with lens tilt (right) of 6° at three different polarizations

6.6 Summary

We have observed RF from filaments generated from femtosecond pulses where the
highly transient nature of femtosecond pulses ionizes the medium by multiphoton ionization
alone where bulk charge oscillations are not significant. The role of input focusing conditions
on the RF generated was shown and we can see from the RF pulse profile that loosely focused
filaments have lesser amplitude but have a uniform pulse profile for linearly polarized pulses,
whereas tightly focused filaments have larger amplitude but the pulse profile has many

irregularities. These irregularities get more prominent when a Fourier transform is taken, we
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observe multiple maxima in the frequency domain for the RF generated from tightly focused
filaments which can be due to the presence of multiple filaments. The study was extended to
find the influence of input polarization on the RF emission, which showed drastic changes in
the RF observed. We firstly find enhancement with filaments from both loose and tight
focusing conditions when polarization changes from linear to circular. Closer observation
shows that RF signal from loosely focused filament are enhanced much more than tightly
focused filaments at circular polarization. Multiple maximums observed in the frequency
domain from the filament generated from the 150mm lens disappear at circular polarization
and we observe a single maximum with a broad distribution. Knowing that tilting lens
introduces different plasma dynamics in the filament because of the asymmetry that gets
induced in the pulse wavefront, we have studied RF from filaments generated under lens tilt.
Significant enhancement was observed from at certain angle of lens tilt, where we have seen
that not only signal gets amplified but we also see a disappearance of the irregularities in the
pulse profile observed for filament under zero tilt, which can be seen in the smooth frequency
distribution observed in the frequency domain. The effect of change in polarization shows
drastic enhancement. The combination of lens tilt and circularly polarized light gave enhanced
RF signal with a uniform pulse profile. The frequency at maximum amplitude was also seen to
shift to higher frequencies with change in input polarization from linear to circular. The large
dynamic variation of RF emission from filament with change in input pulse conditions shows
that we can control the RF generated from a filament that is generated remotely, providing a

highly promising tool for remote detection and probing.
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CHAPTER 7: Application of fs filaments

Abstract:

A large part of the work done in this thesis was to expand the applicability of
femtosecond filamentation due to the dramatic nature of the multiple characteristics
of filamentation. The work henceforth was largely directed towards exploring the
viability and feasibility of filamentation assisted remote sensing. Along with the variety
of emissions which were characterized and studied in the earlier chapters we have done
preliminary studies to test the ability of femtosecond filament propagation to sense
and characterize. FIBS studies of aerosols of different solvents was collected and the
spectrum could resolve the spectral components which are characteristic to the
solvents. The remnant pump light in the background reservoir and post filamentation
was used to detect Riboflavin using 2-photon fluorescence. Moving forward,
interaction of filament with solid elements such as copper and aluminium was also
done and the subsequent breakdown via FIBS was analysed. Surface reflectivity of a
composite material was used to study the damage incurred by the composite by
filament interaction. It can be seen that the filament although highly susceptible to

input laser characteristics is highly repeatable, reproducible and robust.

7.1 Introduction

Filamentation being a highly dynamic regime which sustains high intensities existing
for short time scales over long distances can be applied to a range of applications [1-3].
Filamentation has opened doors towards many new research avenues which were not
accessible or thought of before [4-12]. We have mostly focused our work on the applicability
of filamentation towards remote sensing. Remote sensing and characterization of aerosols and
atmospheric components using LIDAR has reached a stand still because of the requirement
of multiple coherent laser sources to achieve resonant excitation of the target acrosol. LIDAR
also demands propagation stability over long ranges and discrete spectral characterization.
Filamentation was described eatrlier in terms of its characteristics such as intensity and electron

density, which were correlated to the numerous emissions that come about due to the highly
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dynamic regime of its propagation. The ability to create filaments using highly intense infrared
femtosecond pulses gives us a powerful tool to remotely generate filaments, which can
overcome the above mentioned challenges for remote sensing. We are now able to generate
pulses with much higher intensity than that used in our experiment, using setups which can
also be made mobile [12]. Such mobile laser systems can be used to holistically characterize
atmospheric regions over varied landscapes and environments, due to the plethora of
emissions which can also be modulated. The first such mobile laser system to be built was the
teramobile which produces 100fs pulses at a repetition rate of 10Hz, with a pulse energy of
350m] thereby having a peak power of ~5TW [13]. From our studies we have shown the
generation and modulation of the third harmonic UV, broadband supercontinuum, acoustic
and radio frequency emissions which can be exploited towards building a hyperspectral remote
sensing system, where along with identification of the composition, we can also find the
particle size and concentration [9-17]. We have therefore conducted some exploratory proof
of concept experiments to probe and collect characteristic spectra from aerosols during
interaction with femtosecond filamentation and demonstrate its applicability towards sensing.
We have also done a LIBS characterization of different materials as the LIBS from
femtosecond filamentation (FIBS) is different from ns and ps LIBS [18-21]. Femtosecond
LIBS has minimal thermal damage and heating of the surrounding region. Femtosecond LIBS
also provides high spatial resolution. The reduced continuum in the case of femtosecond LIBS
also increases the signal to noise ratio during acquisition. Filaments generated from
temtosecond pulses enable remote interaction with materials and regions due to large transfer
of energy over long distances. Filament interaction with different solid samples was done and
the variation of the LIBS was studied to estimate the electron density and plasma temperature.
Along with remote sensing studies we also performed damage dynamics of filament interaction
with metals like aluminium was done to identify drilling time and damage spot sizes with
different filaments. This study was extrapolated to study composite materials whose damage
was dynamically studied using reflection analysis of a CW laser from the composite material.
We have also performed a proof of concept study of FIAS (Filament Induced Acoustic
Spectroscopy) is performed to explore the ability to use acoustic emissions from filament
interaction with aerosols, and then use this acoustic signature to identify the constituent of the
molecular aerosol. We performed this study using different concentrations of Tryptophan
aerosol clouds. The temporal profile and frequency distribution of the acoustic pulse was

studied to identify significant variation with change in concentration of tryptophan particles in
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aerosol which could aid in its detection. This variation was observed even in the presence of
highly turbulent and inhomogeneous aerosol dissipated from the nebulizer, which makes it
very promising for a sensing application. Further studies in this respect could help estimate

particle sizes as well are discussed in the future scope of the thesis.
7.2 Detection of aerosol clouds of common solvents

Most warfare agents require dissolution in commonly used solvents, these warfare
agents include high energy materials (HEMs) and chemical warfare agents (CWAs). Therefore
the first step towards detection of harmful agents was to identify and characterize these
solvents using the interaction of their aerosols with the filament and its emissions. This
exploration towards sensing of ambient atmosphere and aerosols was done by conducting a
FIBS (filament induced breakdown spectroscopy) study of methanol and acetone [22]. It can
be seen clearly from figure 7.1 the drastic change in brightness of the scattered light when the
aerosol is introduced into the filament. The sudden increase in brightness is because of the

increased FIBS emissions in the visible region and some SCG generation from the aerosols.

Aerosol on

.2

Figure 7.1: Filament aerosol interaction without (Top) and with aerosol (Bottom).
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We have first collected the scattered light from filament interaction with aerosols of
methanol and acetone using a Maya 2000 spectrometer. As the collection optics connected to
the spectrometer is placed 15cm from the aerosol region we are able to observe clear FIBS
from the aerosols. The figure shows the FIBS spectra acquired from methanol and acetone
compare to the FIBS of air. We can clearly identify from figure 7.2 the different lines associated
with the atomic and break down constituents of the solvents which could be used to identify

and classify them using PCA [19, 20].
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Figure 7.2: FIBS from Acetone and methanol aerosol compared to FIBS from air.

The requirement to probe multiple samples with varying compositions in varying
phases demands the use of a spectrograph which has a broad dynamic range with high
resolution. Filamentation creates emissions in a broad range of frequencies which get further
enhanced depending on the interactions. We have used different liquids to make the aerosols
and observed the emissions using the Kymera 328i spectrograph whose grating and acquisition
can be varied according to the required wavelength range. LIBS signal was isolated using a

gated acquisition offered by the iSCMOS sensor in the Kymera 3281. The spectrograph was
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coupled with the imaging lens which was placed at a distance of 1m from the filament aerosol
interaction region as seen in the figure 7.3. The increase in the brightness of the filamentation
region as seen in the figure with the aerosol shows the extent of interaction of filament and
aerosol. As the iISCMOS sensor has a 2D output, the lines are better resolved when the filament
is appropriately imaged onto the slit of the spectrograph. On doing so we can create a complete

spatial wavelength distribution of the emissions from filament aerosol interactions.

Laser propagation
direction

Filament aerosol
interaction region

Figure 7.3: Experiment schematic with Kymera 3281.

The liquids used were Oil of wintergreen (methyl salicylate), Dimethyl sulphur dioxide
(DMSO), methyl cyanide (CH3CN), dimethyl formamide (DMF) and water [24-26]. The
spectra obtained are shown in the figure 7.4. All the solvents show similar spectra except for
relative variation of the peaks. We also observe an emission band peaking at 520 nm which is
prominent for aerosol from wintergreen oil but does not exist in water (shown as shaded region
in the plots). As the interaction zone is low we do not identify characteristic distributions other
than plasma continuum. Inclusion of various techniques such as reduction of broadband SCG
using aberrations and increasing the interaction region will help better identification and
characterization. We see that FIBS will only give elemental analysis. Although elemental
analysis can provide only atomic data, we see that it can still distinguish between the various

solvents from the ratios of the different peaks seen in Figure 7.2. Therefore we desire to move
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towards more definitive analysis where the molecular spectral signature can be obtained. This
was done in the next section where we acquire fluorescence of riboflavin due to 2 photon

excitation of riboflavin aerosol with filament.
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Figure 7.4: Spectra obtained from filament interaction with aerosols made from different
solvents. Shaded region shows emission band at 520nm not observed for water.

7.3 2-photon fluorescence using filamentation

Along with the generation of SCG, filamentation also generates coherent UV light by
third harmonic generation all of which can be used for exciting fluorescence in molecules.
Fluorescence spectra provide the molecular composition of the material or medium as
compared to the FIBS which gives the elemental composition. We can therefore have two

characterization techniques which complement each other using one laser. To test detection
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using fluorescence we have used riboflavin which absorbs at 400nm, which can be excited by
2 photon excitiation using the residual pump wavelength (800nm) of the femtosecond laser
filament. Aerosols were generated using a nebulizer using a solution of riboflavin dissolved in
water. Riboflavin was chosen for this study because it has a characteristic fluorescence
signature at 540nm with a broad absorption centred at 400nm. Riboflavin was also chosen
because it is in many cases a component of multiple organic suspended particles which are bio
agents (like bacteria) typically 1 um in size [27]. They contain amino acids (e.g. tryptophan),
nicotine amides (NADH), and flavins (e.g. riboflavin), which can be used as characteristic

tracers of their biological nature. Figure 7.5 shows the absorption and fluorescence spectra of
Riboflavin [27].
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Figure 7.5: Absorption and fluorescence of Riboflavin.

The aerosol generated was confined using a lab made cardboard tube to get better
interaction with the filament. When the filament is propagated in the tube with the aerosol the
strong confinement of power causes localization of target region, because of which we can

probe specific regions of interests. As the fs laser being used is centred at 800nm and the
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intensity is high enough, we can perform a 2 photon excitation of the Riboflavin molecule to
induce fluorescence. With the laser being used we achieve intensities few orders higher than
that required intensity for 2 photon fluorescence. The femtosecond laser pulse undergoes
many dynamics during filamentation propagation because of which the spectral distribution of
the pulse evolves to have multiple components such as the broadband supercontinuum and
third harmonic UV. The usage of gated acquistions using the iCCD or iCMOS sensors helps
us isolate the fluorescence signal from the other instantaneous emissions such as the
broadband SCG and UV. The spectrum was acquired using a collection optics (Andor ME
OPT-007) coupled to an optical fibre which is then coupled to the spectrometer which
collected the scattered light from the aerosol from a distance of ~15cm. The femtosecond
pulse can travel long distances and carry enough energy after propagation to ionize the medium
through multiphoton ionization even at long distances. This energy is much higher than that

required for 2 photon fluorescence.
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Figure 7.6: Observed 2-photon fluorescence with riboflavin. Spectrum obtained with

0.1mg/mL of riboflavin (red) and spectrum obtained from aerosol generated using same
nebulizer containing water after clearing out the riboflavin solution showing the sensitivity.

169



Application of f5 filaments

Figure 7.6 shows the fluorescence emission of the Riboflavin aerosol at 520 nm,
indicative of the two-photon absorption induced in Riboflavin. The signal was collected with
good SNR although the interaction volume (diameter~100um, filament length ~4mm) of the
filament with the aerosol plume (made from a 0.1mg/mL concentration solution ~100ppm)
was small (few mm?3), moreover we have further reduced the volume that is being observed by
adjusting the focusing optics to have a range of ~3mm along the filament. In order to verify
the sensitivity, the nebuliser was rinsed to remove traces of Riboflavin. Then the nebuliser was
filled with just water and the experiment was repeated. We detected a fluorescence peak of
Riboflavin from the trace amount still present in the nebuliser, even after rinsing the nebulizer
which demonstrated the sensitivity of the excitation. This serves to show the sensitivity for
measuring even trace amount of riboflavin (10 ppm) using filamentation and through efficient

confinement and localization of the energy that is possible using filaments.
7.4 Filament electric field interaction with Condensed matter

Filamentation provides a unique tool to transport energy over long distance while
having a high spatial resolution. In this respect filamentation can be used to identify unknown
materials in far off regions. It can also be used to damage and destroy hostile entities from
long distances. We have therefore done a LIBS study of various solid samples. Material
breakdown caused by filamentation was also studied using aluminium plates and foils because
aluminium is an element which has been extensively characterized and is also present in most
alloys. These studies were done to explore femtosecond filament induced breakdown in solid
materials and to test the viability as well as feasibility of solid material characterization using
filamentation. Material damage caused due to filamentation on an unknown composite
material was studied to demonstrate the ability of the femtosecond laser for remote threat

neutralization.
7.4.1  LIBS of solid samples

LIBS accompanied with terahertz, photoacoustic and Raman characterization were
found to be very efficient tools to identify and characterize High Energy Materials (HEMs)
[16,17]. FIBS studies on solid targets with femtosecond filaments has not been well explored,
although nanosecond and picosecond pulse interaction has been well explored [18- 23]. We
have collected the FIBS from filament interaction with solid metallic samples such as Brass,

Stainless steel, aluminium and a dielectric like teflon. A Mechelle spectrometer coupled with
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the ICCD was used to acquire this data because of the availability of gating and broad spectral

range in a single shot. The experimental schematic is shown in the figure 7.7.

TS TS
\

ITS

Figure 7.7: FIBS Experimental schematic

High spatial resolution, low ablation threshold and ability to do rapid analysis are some
of the advantages of FIBS from femtosecond pulses. Filamentation provides a way to
efficiently transport the laser energy to long distances to do remote excitation of FIBS of
molecules of interest and increase SNR. The samples were mounted on a translational stage
(TS) which can translate along two axes which are perpendicular to the direction of
propagation. This was done to raster scan along the sample so that the femtosecond filament
interacts with fresh sample surface for every pulse. The ICCD was triggered using the Pockels
cell signal in the amplifier of the laser cavity and repeatability was checked using a photodiode
(PD) placed near the lens [8]. Figure 7.8 shows some of FIBS spectra obtained from the
samples. Although optical collection optimization along with large data acquisition and analysis
can improve the characterization ability of the FIBS technique, we are mostly able to identify
the composition of the various samples. It’s easy to do this identification here because the
samples used here are mostly pure metals and alloys. FIBS of organic and inorganic
compounds sometimes yield identical spectra which needs additional classification like PCA —
Principle component analysis [19]. So it is essential to identify a complimentary spectroscopic

technique which along with FIBS aids in sensing with absolute specificity.
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Figure 7.8: FIB Spectra observed from the solid samples interaction with filament.

7.4.2 Damage and spot analysis using Aluminium

We have first exposed Aluminum plates of defined thickness (~1.5mm- 1.8mm) to the
filament generated by a 1000mm lens at different positions along the filament. According to

the classification made in the earlier chapters this focusing condition is in the loose focusing

172



Application of 5 filaments

regime. The damage was analysed at two different kinds of exposure to the filament, 5 second

exposure to complete drilling of the Aluminium plate. Figure 7.9 shows the damage thus made.

Complete
drilling

5 second

exposure

Distance
from lens

Figure 7.9: Breakdown caused by filament Aluminium interaction at different positions along
the filament generated using a 1000m lens. 1* row: Images after complete drilling; 2" row:
Images after 5 second exposure (dwell time).

One can see difference in the spot size before and after the minimum spot observed
indicating filament formation which keeps the intensity clamped. The spot dimensions were
measured and plotted and we can see the asymmetry across the minimum spot size. The plots
are shown in the figure 7.10. We can also see non-uniform distribution of the electric field
when observing the spot shape which is not circular which shows in the plot showing the
transverse and longitudinal spot dimensions. The difference between the transverse and
longitudinal dimensions of the spot indicate astigmatism that arise in due to the lens being
used. Although this non-uniformity exists we find that it is reproduced from shot to shot as
the damaged spot shape does not differ from short term exposure to long term exposure. The
Aluminium plate was also exposed to the filament for increasing exposure time in steps of 2
seconds and it can be seen the spot dimension increases initially for the first 10second exposure
as seen in the figure. Intensity of the filament can also be estimated from the spot dimensions

and it was found to be ~10TW/cm? which is what is estimated from spectroscopic studies.
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Figure 7.10: (left) Transverse dimensions of the damaged spot; (right) Dimensions of spot with
increase in exposure time in steps of 2 seconds.

We have also taken an Aluminium foil of 11micron thickness and exposed to the
filament at 3 different positions along the filament generated using a 1000mm lens.
Photodiodes placed before and after the aluminium foil collect the scattered light from

interaction of filament with Aluminium and the observed signal was plotted in the figure 7.11.

Using this setup we were able to measure the number of pulses required to drill through
the Aluminium foil. Exposure 5cm before the onset of filament shows requirement of large
number of pulses before the signal is detected from behind the foil, which amounts to ~600
pulses (~0.6s). At the centre of the filament 50 pulses (50ms) are enough to drill the foil. Post
filament 100 pulses (100ms) are enough to drill the hole, which shows the effectiveness of the

intensity clamping that occurs during and post filamentation.

Along with the studies done with filament interaction with the aluminium plate we find
that the damage caused by femtosecond filaments is highly repeatable. Moreover the ability of
fs filaments to transport energy over long ranges helps induce damage using fs filaments even

in remote regions (>1km).
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Figure 7.11: Shows the back and front scattered signals from the two photodiodes at 3 different
positions along the filament.

7.4.3 Filament field interaction with composite material

Filament interaction studies done with Aluminum were extended to study an unknown
composite material with surface irregularities. The study was first done to check if damage and
spot created done by the filament is repeatable. The damage done by the filament was
continuously noted by radiating the interaction spot with a CW Helium-Neon laser, and
collecting the reflected light onto a photodiode. We find that the variation of the photodiode
signal gives a definitive quantisation of the damage done as can be seen. Different focusing
conditions were created by using lens of focal lengths 1000mm, 2000mm and 5000mm
primarily in the loose focusing regime. The composite material was put at different points
along the filament and exposed to the filament for different exposure times, which we have
called dwell time of the filament on the composite. We have therefore measured the reflected
signal with respect to varying dwell times, position and focusing conditions of the filament.
The experimental schematic is shown in the figure 7.12. In addition the interaction region is

imaged using an optical microscope.
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Figure 7.12: Schematic for reflectance measurement.

Table 7.1 shows the input power of used for the different filaments and the filament
lengths observed. The next column shows the different positions at which the composite was

tested.

Table 7.1: Different positions along the filament where the sample was exposed to the

filament.
Focal length of Laser Length of the total Position of composite
the lens (mm) power filament (mm) irradiation from the lens Z;
(W) (mm)
1000 1.3 180 620, 680, 740, 800
2000 1.3 500 1020, 1120, 1200, 1280, 1360,
1440, 1520
5000 2.4 800 2900, 3100, 3300, 3500, 3700

As can be seen in the figure the reflectivity measurements of the filament irradiated
spots of the composite at varying positions along the filament are plotted as a function of dwell
time in Figure 7.13. Figure shows the damage from the filament generated using the 5000mm
lens which generates a filament whose visible spatial extent is ~1m. We can divide the filament
into three regions. Onset of the filament which is shown by Z; represents region 1. Z> and Z3
as shown in our studies represent the central part which is the most intense part of the filament.

The third region is beyond the intense central region of the filament given by Zi, Zs, Ze.
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Reflectivity which is normalized with reflectivity at no exposure, for region 1 was observed to

change from 80 — 65 % with increase in dwell time. Although the reflectivity from the filament
irradiated composite surface from the central region was observed to be around 65% 5 % for
the maximum dwell times studied, it can be seen that the reflectivity falls close to this value
much before maximum dwell time is reached. At the position Z4 it can be seen that reflectivity
does not fall drastically like the case of the central region but does not have the reflectivity of
90 — 75 % at the maximum dwell time, but displays the least reflectivity at maximum dwell

time.
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Figure 7.13: (Top) Filament induced spots on composite materials; (bottom) Normalized
reflectance measured w.r.t dwell time of the filament at different positions along the
propagation.

The composite material reflectance that was measured clearly shows a fall in the

reflection with increase in dwell time, indicating that the reflectance reduced with the increased
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damage. We can therefore see that the damage done by a filament can be characterized in
much more detail compared to damages by longer pulses which breakdown the material by

not only ionization but also heating [28].

7.5 Proof of concept towards FIAS- Acoustic characterization of

molecular aerosol

We have shown in chapter 5 acoustic profiling of femtosecond filaments. We attempt
to extend this technique to probe aerosols and identify the composition using the acoustic
signals generated from filament interactions. Hyun Jin et. Al. have used the acoustic signals
from laser plasma interaction to estimate the particle size and concentration in the interaction
region [14]. Molecular aerosols of tryptophan was generated using a nebuliser using solutions
of different concentration. The acoustic signal from just the water aerosol was collected as
reference and then aerosols of varying concentrations used and acoustic signals from their
respective aerosols were studied. The filament was generated using a 150mm lens so that
spatial extent of the filament interaction remains small. The filament structure is further
suitable for this study as it completely overlaps the outlet of the nebulizer which is 1cm in
diameter. FIBS Spectra obtained of this interaction contains a large amount of noise due to
turbulence caused by the acrosol from due to the nebulizer. But on the other hand we observed
that the acoustic signal had a stable pulse profile despite there being considerable turbulence.

The image of the experimental schematic is shown in the figure 7.14.

Tryptophan was dissolved in water and the aerosol produced was exposed to the
filament. Figure 7.15 shows the spectral comparison from acoustic emissions from air, water
and tryptophan aerosols. The figure indicates the existence of multiple peaks within the
spectrum for the aerosol of tryptophan in comparison to the smooth profile from that of water

and air.

The aerosols were produced using 4 different concentrations of tryptophan in water.
The acoustic signals were taken without change in experimental setup between concentration
changes and the observed signals are shown in the figure 7.16. Observation of the time domain
signals from each concentration shows increase in peak to peak overpressures with increase in

concentration of tryptophan.
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Figure 7.14: Image of the interaction zone and microphone arrangement.
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Figure 7.15: Typical acoustic spectra obtained from filament interaction with air, water and a
tryptophan solution.
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Figure 7.16: Acoustic pulse from the filament interaction with tryptophan aerosol of various

concentrations.

The frequency distribution of the raw signals was taken and plotted in figure 7.17. The
trequency distribution shows an even more emphasized difference in the peak power spectral
density of the acoustic signals which varies with concentration. The profile of the frequency
distribution also changes indicating existence of frequency peaks other than that observed
from acoustic signals in air which are centred around 110 kHz. Although we can observe clear
distinction between the frequency distribution from the acoustic signals obtained during
filament interaction with different aerosols, the prominent frequency components cannot be
resolved. To better resolve the peaks the time domain signal was zero padded to obtain higher
resolution in the frequency domain. The spectrum of zero padding is shown in figure 7.18 for

the different concentrations.

The amplitude in both the time and frequency domain shows a direct relation of the
concentration to the amplitude especially in frequency domain as the amplitude increases with
concentration. This being highly repeatable even under turbulent conditions indicates that this
technique could be a good complimentary tool for optical methods for aerosol characterization

and sensing. Further analysis of the frequency distribution of FIAS from aerosols indicates
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Figure 7.17: Acoustic signal frequency distribution obtained from filament interaction with
aerosols having varying concentrations of tryptophan.
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Figure 7.18: Acoustic signal frequency distribution obtained from filament interaction with
aerosols having varying concentrations of tryptophan after zero padding
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superposition of other peaks when compared to the frequency distribution from only air. The
amplitude in both the time and frequency domain shows a direct relation of the concentration
to the amplitude especially in frequency domain as the amplitude increases with concentration.
This being highly repeatable even under turbulent conditions indicates that this technique
could be a good complimentary tool for optical methods for aerosol characterization and
sensing. Further analysis of the frequency distribution of FIAS from aerosols indicates
superposition of other peaks when compared to the frequency distribution from only air,
where the frequency is a broad and smooth distribution. The distribution was therefore
analysed so as to separate the peaks that are being superimposed, we find that there are two
main peaks with two side peaks. The main peaks exist around 90kHz and 110kHz. Frequency
spectrum of the acoustic signal in air shows that the central peak frequency is at 110kHz, while
the peak at 90kHz does not exist. The second peak at 90kHz which arises in the case of aerosol
filament interaction can be a due to interaction of the tryptophan aerosol with filament. The
peaks were therefore fit to multiple peaks and the fitting is shown for one concentration of

tryptophan in figure 7.19.
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Figure 7.19: Figure showing the peak fits for acoustic frequency distribution obtained from
tryptophan aerosol interaction with filament.
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When this analysis is compared between different aerosols with variation of
concentration it can be seen that the peak at 95kHz increases with concentration of tryptophan
without increase in the peak at 110kHz. Further characterization of aerosol filament interaction
needs to be done by varying the intensity and focal geometry of filament generation to establish

the viability of FIAS characterization of aerosols or gases.

7.6 Summary

As filamentation has shown the ability to generate and modulate a variety of emissions
arising from long range intense propagation of laser pulses, we have performed studies to
explore the feasibility and prospect of application. We have first studied the FIBS of air and
compared it to the FIBS of commonly used solvents like methanol and acetone. The
breakdown spectrum can clearly distinguish the solvents when using a simple acquisition setup.
The Filament was sent through aerosols made from other liquids as well and the transverse
emitted spectrum which was collected from a distance of 1m using a Kymera 328i
spectrometer coupled to an imaging lens can be used to moderately distinguish the liquids. As
fluorescence spectrum is an indication of the molecular composition of any material, the pump
wavelength in the filament was employed to detect Two-photon fluorescence from riboflavin
aerosol clouds. We have clearly observed fluorescence from riboflavin aerosol produced from

a solution of a concentration of 0.1mg/ml corresponding to 100 ppm.

Filament induced breakdown of solid materials was also done. This was done to test
the viability of filamentation as a remote sensing tool and as a remote neutralizing agent against
hostile entities. FIBS of different solid samples was done and one can easily extract the
elemental composition of the different samples. Aluminum was used as the primary
characterization element to test the material damage induced by filamentation. An Aluminium
plate was placed at different positions of the filament over different exposure times and the
dimensions of the holes caused due to damage were plotted at different positions on the
filament. The spot dimensions show a variation in the tangential and sagittal focal plane of the
focusing conditions. The number of pulses that drill an Aluminium foil were found at different
point in the filament. The foil placed at different positions of the filament shows faster drilling
time after filament onset as compared to before onset indicating the clamping of high intensity

over long propagation ranges. The solid material characterization that was done was extended
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to study damage done to a composite material with surface irregularities. Reflectance of
damaged spot can be distinguished between various filaments and filament positions, showing
the characteristic reproducibility of filament induced damage that can be modulated. The work
described in this chapter are preliminary studies to establish the ground for viable applications

that filamentation can provide.
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CHAPTER 8: Summary and Future scope

Abstract:

Femtosecond filamentation has shown to display numerous phenomenon
which can be applied to complement a broad range of applications and explorations.
In this chapter we have detailed work that can be done to further extend our
understanding of filamentation dynamics such as Shadowgraphy and spectral
interferometry. The large broadband with a high temporal resolution that is emitted
from a filament can be used to probe ultrafast events. The requirement and prospects
of scaling up to larger laser systems with better acquisition setups to increase the

ability to probe remote regions are also discussed.

This chapter summarizes the highlights of the work presented in the thesis and
indicates the roadmap on taking the lab results to the field. The FIBS, 2-photon fluorescence
and UV excitation of aerosols can be taken to stand-off distances of > 100 mtrs to few kms
by scaling up the input laser power using a multi-pass amplifier giving pulse energies of the
order of 80 — 250 m] as well as the collection optics and diagnostics. This also can be used for
filamentation LIDAR. Our demonstration of a remotely generated UV source from the third
harmonic emission also can be tested on the field to detect organic species.

The SCE from filaments is an excellent source for probing and imaging the spatio-
temporal evolution of organic molecules, by enabling us temporal resolutions of a few fs over
a large range of frequencies. Femtosecond pulses are highly beneficial for probing fast
processes which cannot be resolved using electronic instrumentation, increasing the resolution
by at least 3 orders. One such future scope that is being worked on is Spectral Interferometry
using SCE such that we can study the Spatio-Temporal Evolution of Wavepackets (STEW) of
organic molecules excited by short pulses[l, 2]. By observing the interferogram on a
spectrograph in which two pulses, a reference pulse and a probe pulse with a defined time
delay interfere, we can provide a complete picture of the dispersion induced in the probe pulse.
This gives temporally resolved information of the plasma dynamics and the pulse induced
refractive index changes in the object being observed, which in our case is a filament generated

under different conditions of the medium .
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Transient event imaging of many underlying principles in materials science, chemistry,

and biology can greatly aid our understanding of nature. These events require ultra-high
temporal resolutions while doing real-time imaging. Pump-probe ultrafast imaging techniques
require the scene to be repeatable. Therefore single-shot ultrafast imaging techniques have
been developed to image non-repeatable transient events. From the time of its demonstration
in 2014, compressed ultrafast photography (CUP) has found many applications in a number
of avenues such as time-of-flight 3D profilometry, secured image communication, and wide-
field photo-luminescent lifetime mapping to name a few [3]. Fundamental light phenomena
like the temporal focusing of a femtosecond laser pulse and the refraction of a picosecond
laser pulse have been observed with frame rates of up to 70 trillion frames per second. Ultrafast
imaging by CUP Captures instantaneous light patterns and goes to show that ultrafast imaging
is indispensable in revealing spatio-temporal details. The Supercontinuum broadband
generation from the filament can be used to illuminate and capture far off events at high frame
rates by using an imaging system that creates an image by coupling a spectrograph and a CMOS
camera.

Filamentation is finding applications in multiple fields and the study of filamentation
dynamics further provides us with a clear understanding of intense femtosecond pulse
propagation and medium interaction. This thesis aims to create a holistic understanding of
filament behaviour and the corresponding emissions to establish the foundation to further

apply and control femtosecond filamentation.
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