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PREFACE

Preface

Laser filamentation is a nonlinear optical phenomenon which appears spontaneously
during the propagation of an intense ultrashort laser pulse in a transparent medium, when
the pulse peak power exceeds a material dependent critical value (several Gigawatts in
air). At such intensity level the beam tends to collapse due to the optical Kerr self-focusing
effect until the intensity is high enough to ionize the medium, giving rise to a defocusing
plasma. Thereafter, a dynamic competition between these two effects takes place leaving
a thin and weakly ionized plasma channel in the wake of the pulse. Such channel is called
a filament. The first demonstration of femtosecond laser filamentation in air was reported
by Braun and coworkers in 1995 [Braun 95], and reproduced over longer distances shortly
later at the Laboratoire d’Optique Appliquée (LOA) [Nibbering 96]. Since that time,
femtosecond laser filamentation in air attracts considerable interest not only because of
the rich physics involved, but also its wide range of applications in remote sensing, light
frequency conversion, laser-based weather control, Terahertz generation, etc.

The author’s work is mainly devoted to the secondary emission from femtosecond laser
filaments: Ultraviolet luminescence, coherent stimulated lasing and Terahertz radiation
emitted by filaments. The PhD thesis consists of three parts which are further divided
into several chapters.

In the opening part of the thesis, we first recall the basics of the filamentation process
and then present a simple technique to determine experimentally the laser fluence and
intensity inside filaments. Up to now, a direct measurement of the laser intensity inside
filaments is very difficult because any device used for this purpose would be easily damaged
due to the very high intensity level inside filaments (1013 − 1014 W/cm2). Our method is
based on the measurement of the laser energy transmitted through a variable diaphragm
fabricated by the filament itself on a thin metallic foil by cumulative laser irradiation.
We thus can directly determine the laser fluence inside the filament. With an additional
measurement of the pulse duration, the intensity can be estimated. The obtained value
of the laser intensity inside filaments allowed us to explain our findings in the following
chapters.

The second part of the thesis is devoted to the ultraviolet (UV) emission from plasma
filaments in nitrogen gas and in air. The luminescence of plasma is one of the most
spectacular phenomena associated with filamentation and is identified as due to the op-
tical transitions of the excited neutral and ionic nitrogen molecules inside the plasma
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PREFACE

[Talebpour 99, Martin 02]. In the first chapter of this part, we report a strong depen-
dence of the luminescence from both molecular and ionic nitrogen on the incident laser
polarization. The results point to the important role of electron collision excitation for
circularly polarized laser, where energetic electrons are generated after the passage of the
laser pulses.

In the second chapter of this part, we demonstrate that an intense backward stimu-
lated radiation at 337 nm from filaments in nitrogen gas can be achieved with circularly
polarized 800 nm femtosecond laser pulses at atmospheric pressure. Existence of the stim-
ulated radiation is confirmed by the distinct dependence of the backward UV spectrum
on the incident laser polarization and intensity, by the emission profile and polarization
properties. We attribute the population inversion inside the plasma to inelastic collisions
between the electrons liberated by the pump laser and surrounding neutral ground state
nitrogen molecules. The dependence of the lasing effect on the incident laser pulse polar-
ization is explained by the fact that a circularly polarized laser produces more energetic
electrons than a linearly polarized one.

Next, a further enhancement of the ASE is shown when an external 337-nm seeding
pulse is launched in the backward direction. At the same time, the divergence angle
of the seeded lasing is found to be significantly reduced compared to that of the ASE.
Moreover, the seeded lasing radiation inherits the polarization property of the seed pulse.
These three observations confirm unambiguously the assumption of population inversion
between the relevant nitrogen molecular states. The critical role of pump laser ellipticity
was also observed in this seeded backward lasing scheme, which supports the hypothesis
that inelastic collision between the energetic electrons with neutral nitrogen molecules is
at the origin of population inversion.

The work presented in the third part concerns the Terahertz generation by femtosec-
ond laser filaments in air. Electromagnetic radiation in the Terahertz (THz) domain has
received much attention in the past two decades. THz spectroscopy is ideally suited for
various research and diagnostics. Applications of THz radiation range from medicine, se-
curity concerns to telecommunication, etc. Unfortunately, many applications that require
illumination of a distant target are hampered by the poor transmission of THz radiation
through atmosphere, due to the strong attenuation posed by water vapor. Recently, sig-
nificant progress has been achieved in remote THz generation. To alleviate the strong
attenuation in air, one produces a THz emitting source close to the distant target. This
can be readily achieved using femtosecond laser filaments. A possible scheme consists in
simply launching a short intense laser pulse to create a plasma filament near the target
object.

In this last part of the thesis we describe the coherent synthesis of the THz radiation
from N individual single-color filaments organized in an array. We experimentally demon-
strate a strong mutual coherence between the THz radiation pulses emitted by filaments
created independently in air. We find that the THz intensity scales up with N2 provided
that proper filament separation and laser pulse temporal delays are chosen. Moreover, the
THz radiation pattern can be controlled, which is a useful property for many applications.
Calculations based on the transition-Cherenkov model of THz emission by filaments agree
well with our experimental observations. We further consider the THz radiation from fil-
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PREFACE

aments forming an analogue of a “Vee-antenna”. We show an interesting possibility for
‘V-oriented’ filaments to produce circularly polarized THz emission. At the same time, a
method of effective enhancement of a THz radiation at a selected frequency is discussed.
It consists in optimizing the angle between two ‘V-oriented’ filaments. In the last chapter
of this part we consider the effect of an external electric field on the coherent THz emission
from multiple filaments in air. A strong enhancement of a broadband THz radiation in the
forward direction is found, scaling like E2

ext in the presence of a static transverse electric
field and scaling like N2, where N is a number of filaments organized in an array. There
is also a possibility to direct the THz emission along preferential directions by tuning the
temporal delay between the filamentary laser pulses.
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Properties of a plasma filament





CHAPTER 1. FILAMENTATION OF A FEMTOSECOND LASER PULSE IN AIR

Chapter 1

Filamentation of a femtosecond laser
pulse in air

1.1 Introduction to laser filamentation

High power laser pulses undergo nonlinear propagation in transparent media. Nonlin-
ear self-action leads to strong evolution of the properties of the laser pulse as well as that
of the propagation medium, which is partially ionized by the laser beam [Keldysh 65].
Such phenomena as self-focusing [Kelley 65, Askar’yan 74, Shen 75], self-reflection [Roso-
Franco 85], self-phase modulation [Alfano 70], self-steepening [Yang 84], pulse split-
ting [Ranka 96], etc. have been studied extensively since the mid-1960s−1970s. They
were mostly restricted to condensed matter media, where the damage associated with
laser nonlinear propagation prevented application.

Since 1985, the development of the chirped pulse amplification (CPA) technique
[Strickland 85, Maine 88] permitted to produce ultrashort laser pulses with intensities
as high as 1020 W/cm2 and hence to observe highly nonlinear propagation even in at-
mospheric pressure gases and the atmospheric air itself. The first demonstration of the
femtosecond laser pulse nonlinear propagation in air was reported in 1995 [Braun 95].
Braun, et al. have observed a significant increase of the peak intensity of a femtosecond
laser pulse propagating in air. For instance, it reached sufficiently high values to provoke
micro-burns on a hard coated mirror 10 m away from the laser. At the same time, the
mirror was undamaged if placed immediately close to the laser output, before propaga-
tion in air. The authors explained their observation by the nonlinear effect of the laser
beam self-focusing. The damage tracks subsisted if the mirror was displaced several me-
ters along the propagation axis. The beam therefore remained focused over an extended
distance. This type of propagation was called filamentation or self-guided propagation.
Shortly after, femtosecond laser filaments of more than 50 meters in length were produced
in the Laboratoire d’Optique Appliquée [Nibbering 96]. Further studies have shown the
possibility of femtosecond laser filamentation to occur over several hundreds of meters and
even several kilometers [La Fontaine 99, Méchain 04a, Méchain 05]. With multi-terawatt
lasers, continuous plasma strings extending over more than 50 m have been obtained at
a distance of 1 km from the laser system [Durand 13].
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1.1. INTRODUCTION TO LASER FILAMENTATION

Filamentation aroused a great interest and during the past 15-20 years many inter-
esting phenomena and applications have been revealed. One can adduce the following
examples: the white light continuum generated during self-guided propagation can be
used for the detection of pollutants in the atmosphere by LIDAR technique [Kaspar-
ian 03,Bourayou 05]; the creation of plasma channels in a filament can trigger and guide
high-voltage discharges and could be used to control lightning [Comtois 00,Rodriguez 02,
Ackermann 04]; high local intensities can be used to identify targets at a distance by
laser-induced ablation spectroscopy (LIBS) [Stelmaszczyk 04]; the filament plasma can
also deliver broadband THz radiation at long distances [D’Amico 07c, Houard 08c]. The
high intensity inside filaments leads to emission of characteristic fluorescence spectra which
can be used for the sensing purposes in the propagation media [Dai 06,Xu 11b].

In the following the discussion will be restricted to the basic principles of filamentation
and its properties peculiarly connected to the reported PhD study. More detailed survey
of filamentation process and its applications is presented in a number of review papers
[Couairon 07,Bergé 07,Kasparian 08,Chin 10].

Figure 1.1: Photo of a 4-cm-long plasma filament induced by 800 nm femtosec-
ond laser pulses in a gas chamber filled with nitrogen (1 bar). The violet light
corresponds to fluorescence of excited nitrogen molecules inside the filamentary
plasma.
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CHAPTER 1. FILAMENTATION OF A FEMTOSECOND LASER PULSE IN AIR

1.2 Basic principle of femtosecond laser filamentation

As it was mentioned, many physical effects come into play during the propagation of
an intense laser pulse in transparent media. The filamentation process can be described
as a dynamic competition mainly between two nonlinear physical effects: the optical Kerr
self-focusing effect and the beam defocusing by the induced plasma.

Figure 1.2: Schematic illustration of the filamentation process. (a) Self-focusing
of a laser beam by optical Kerr effect. (b) Defocusing of the beam by the
plasma. (c) Illustration of the collapse of the beam on itself by the Kerr effect
leading to the ionization of the media with the following formation of a filament.

Kerr self-focusing effect

Optical Kerr self-focusing was first predicted in the 1960s [Askar’yan 62, Chiao 64,
Kelley 65] and experimentally verified by studying the interaction of ruby lasers with
glasses and liquids [Lallemand 65,Garmire 66]. At high powers, the refractive index of air
n in the presence of an intense electromagnetic field is modified by the Kerr effect [Shen 84]:

n = n0 + n2IL(~r, t), (1.1)

where n0 and n2 are the linear and non-linear components of the refractive index, and
IL(~r, t) is the laser intensity. The coefficient of the non-linear Kerr index n2 is related to
the third order susceptibility as χ(3) = 4ε0cn2n

2
0/3, where ε0 is the permittivity of vacuum.

Since the coefficient n2 is positive in most materials, the total refractive index increases in
the presence of intense radiation. The spatial intensity distribution of a laser beam leads
to an effect of curvature of the wavefront similar to that of a lens, with the difference
that here the effect is cumulative and can lead, in the absence of other saturating effects,
to a catastrophic collapse of the beam on itself [Gaeta 00]. This effect is represented
schematically in Figure 1.2.

The characteristic length of self-focusing (LSF ) is defined as the length over which the
cumulated nonlinear phase, measured by the B-integral (B ≡ k0

∫ z
o
n2Idz), varies by a

factor of one. It is expressed as a function of the peak intensity I0:

LSF =
1

n2k0I0
, (1.2)

where k0 = 2π/λ0 is the wavenumber in vacuum.
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1.2. BASIC PRINCIPLE OF FEMTOSECOND LASER FILAMENTATION

The significant parameter for self-focusing is the initial power of the laser beam. Self-
focusing overcomes diffraction and leads to collapse of the beam only if the input peak
power (Pin) exceeds a critical threshold [Marburger 75,Fibich 00]:

Pcr ≡
αλ20

4πn0n2

, (1.3)

where λ0 is the radiation wavelength in vacuum and α is a constant which depends on the
initial spatial distribution of the beam. Although there is no general analytical expression
for α, its value has been derived numerically for many beam profiles [Fibich 00]. The lower
limit is α ≈ 1.86225, which corresponds to Townes beams, whereas for a Gaussian beam
α ≈ 1.8962. For a λ0 = 800 nm laser pulse propagating in air (n0 ≈ 1, n2 ≈ 4 × 10−19

cm2/W [Nibbering 97]) the critical power is Pcr ≈ 3.2 GW.

Plasma defocusing

With the accumulative self-focusing of the laser beam its intensity becomes so high
that it ionizes the medium. The generation of a plasma leads to a local reduction in the
refraction index [Feit 74], according to the law:

n ' n0 −
ρ(~r, t)

2ρc
, (1.4)

where ρ(~r, t) is the density of free electrons and ρc is the value of the critical plasma
density above which the plasma becomes opaque:

ρc ≡ ε0me
ω2
0

e2
, (1.5)

where me and e are the electron mass and charge, respectively. ρc ≈ 1.7 × 1021 cm−3 at
800 nm laser wavelength.

One can define the characteristic length (LPL) for plasma defocusing as the length over
which the B-integral (B ≡ k0

∫ z
o
ρ/(2n0ρc)dz) changes by a factor of one for a fully-ionized

plasma (ρ = ρat, where ρat is the neutral atom density). LPL is expressed as a function
of the neutral atom density:

LPL =
2n0ρc
k0ρat

. (1.6)

For a weakly ionized medium of density ρ, the length scale for plasma defocusing is
therefore ∼ LPL × ρat/ρ. For a gas density ρat = 2× 1019 cm−3, and an electron density
ρ = 1016 cm−3, one obtains LPL ≈ 22 µm, and LPLρat/ρ ≈ 44 cm. The reduction in the
refraction index acts as a divergent lens, preventing the complete collapse of the beam on
itself. This effect is schematically shown in Figure 1.2(b).

The self-focusing and plasma defocusing compete each other along the laser pulse
propagation inside the medium. As a result, a long plasma channel, a filament, is formed.
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CHAPTER 1. FILAMENTATION OF A FEMTOSECOND LASER PULSE IN AIR

1.3 Theoretical description of laser nonlinear propa-

gation during filamentation

In order to model the physics of filamentation of ultrashort laser pulses in gases, solids
and liquids, many teams have developed various unidirectional propagation equations and
the propagation codes for the numerical simulations [Moloney 07, Couairon 07, Chin 10].
The first numerical simulations in this field started with a basic model in the form of a
nonlinear Schrödinger equation describing the pulse propagation. The influence of various
physical effects can be studied by the addition of the corresponding source terms to this
model.

In 1997, Brabec and Krausz [Brabec 97] proposed an envelope equation modeling the
propagation of a laser pulse of a few optical cycles. The main idea of this approach, the
derivation of the equation called the nonlinear envelope equation, consists in assuming
that the pulse envelope is slowly varying in the propagation direction z, but not in time.
This introduces additional terms corresponding to optical shocks [Zozulya 98, Gaeta 00].
An equivalent formulation in the frequency domain was proposed by Bespalov, et al.
[Bespalov 02]. The high order dispersive terms can be retained in the propagation equation
when it is written in the frequency domain [Gaeta 00,Couairon 02a,Sprangle 02]. For the
laser pulse linearly polarized along the x-axis, the electric field can be decomposed into a
carrier wave and an envelope as ~E(x, y, z, t) = 1

2
E(x, y, z, t) exp[i(kz−ω0t)]~ex+c.c., where

z is the propagation direction, k and ω0 are the central wavenumber and frequency of the
laser pulse. The extended nonlinear Schrödinger equation can be written as [Couairon 07]:

U
∂Ê
∂z

=
i

2k

[
∆⊥ +

n2(ω)ω2

c2
− k2U2

]
Ê + F{N(|E|2, ρ)E}. (1.7)

Here Ê(x, y, z, ω) represents the Fourier transform of E(x, y, z, t). The operator ∆⊥ de-
notes the transverse Laplacian and F denotes the Fourier transform from the time to the

frequency domain. The operator U is given by U ≡
(

1 + ω−ω0

kvg

)
, where ω0 is the pulse

central frequency and k is the wavevector. The function N includes self-focusing, plasma
defocusing and photoionization effects, and is given by:

N(|E|2, ρ) = T 2NKerr(|E|2) +Nplasma(ρ) + TNMPA(|E|2), (1.8)

where T ≡
(

1 + i
ω0

∂
∂t

)
accounts for space-time focusing and self-steepening of the pulse.

It also takes into account the deviations from the slowly varying envelope approximation.
The Kerr effect term NKerr(|E|2) results from the intensity dependent refractive index

and includes both instantaneous and retarded contributions [Ripoche 97]:

NKerr(|E|2) = ik0n2

[
(1− f)|E(x, y, z, t)|2 + f

∫ t

−∞
R(t− t′)|E(x, y, z, t′)|2dt′

]
, (1.9)

where n2 is the nonlinear index of refraction, f is the ratio of the fraction of the delayed
contribution andR represents the molecular response of the gas. The delayed contribution

11



1.3. THEORETICAL DESCRIPTION OF LASER NONLINEAR PROPAGATION...

is important for simulation in air, as rotational coherence of oxygen and nitrogen molecules
are excited by femtosecond laser pulses [Ripoche 97,Nibbering 97].

The plasma and multi-photon absorption (MPA) terms in eq. (1.8) read, respectively:

Nplasma(ρ) = − k0
2n0ρc

ω0τc
(1 + ω2τ 2c )

(1 + iωτc)ρ = −σ(1 + iωτc)ρ, (1.10)

and

NMPA(|E|2) = −W (|E|2)Ui
2|E|2

(ρat − ρ). (1.11)

where, τc is the electron collision time, ρ is the electron density in the plasma, ρc is the
critical plasma density, σ is the cross section of inverse Bremsstrahlung, following the
Drude model [Yablonovitch 72], Ui is the ionization potential, ρat is the density of the
neutral atoms and W is the photoionization rate, including multi-photon ionization (MPI)
and tunnel ionization contributions.

Note that eq. (1.7) can only be solved numerically. For instance, Figure 1.3 shows
the beam width during the filamentation process in air calculated by the nonlinear prop-
agation code developed by A. Couairon and coworkers [Couairon 02b]. Similar (2+1)D
simulation results that show the space-time reshaping of infrared laser pulses undergoing
filamentation in air can also be found in several publications [Kandidov 97, Chiron 99].
A detailed guide to simulation and models of laser pulse propagation has been published
recently [Couairon 11].

Figure 1.3: Evolution of the laser beam width along the propagation direction
(result of computer simulation). The Figure is taken after [Couairon 02b]. The
laser pulse is 5 mJ, 50 fs, 800 nm. The laser beam self-collapses on its axis
due to the Kerr effect, subsequently the laser intensity becomes high enough to
ionize the gas. Therefore, a long filament is formed due to the competition of
the Kerr effect and plasma defocusing.
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CHAPTER 1. FILAMENTATION OF A FEMTOSECOND LASER PULSE IN AIR

1.4 Properties of filaments

Laser filamentation reveals many remarkable features, which are useful for a variety
of applications. Several of them are particularly important in the frame of this PhD work
and will be briefly introduced in the following paragraphs.

Length of self-focusing

Diffraction of a laser beam occurs always, even while its propagation in vacuum. For
the typical length for diffraction of a laser beam one can use the Rayleigh length (the
width of a Gaussian beam with a flat spatial phase is increased by a factor of

√
2 when

the beam propagates over this length). The Rayleigh length is defined as

LDF =
kw2

0

2
=
πn0w

2
0

λ0
, (1.12)

where w0 is the beam waist, λ0 the laser wavelength in vacuum, n0 the refraction index
of the medium at this wavelength, k ≡ n0k0 and k0 ≡ 2π/λ0, the wavenumbers in the
medium and in vacuum, respectively. For example, the Rayleigh length of a beam with
w0 = 100 µm at λ0 = 800 nm in vacuum (n0 = 1) is LDF = 3.9 cm.

The propagation length of the self-focusing beam until its collapse may be approxi-
mated by a semi-empirical formula [Dawes 69,Marburger 75]:

Lc =
0.367LDF√

((Pin/Pcr)1/2 − 0.852)2 − 0.0219
. (1.13)

This equation is valid for the collapse of Gaussian beams with moderate input powers in
purely Kerr media. For a collimated beam, at a pulse wavelength of 800 nm, with a power
Pin = 10Pcr and a waist of w0 = 0.5 cm, the distance to collapse Lc is approximately
15.6 m. At higher input powers (100 Pcr), the validity of eq. (1.13) breaks down due to
modulational instabilities.

In the case of a convergent (or divergent) beam focused by a lens of a focus length f ,
the position of the collapse Lc,f moves before the position of the linear focus of the lens
according to:

1

Lc,f
=

1

Lc
+

1

f
. (1.14)

Plasma density

The published values of the mean plasma density in filaments vary over a big range
(between 1014 and 1018 cm−3) [Tzortzakis 99, Schillinger 99, Yang 02, Ting 05a]. For
instance, Tzortzakis, et al. obtained the value of the plasma density of 1016 - 1017 cm−3

from the measurement of the conductivity of a filament generated by a 120 fs, 800 nm laser
pulse [Tzortzakis 99]. Employing pump–probe back longitudinal diffractometry, Liu, et al.
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have investigated the electron density and decay dynamics of a plasma channel generated
by a 2-cm-long filament in air [Liu 05]. From an analytical reconstruction method of
electron density which is sensitive to the phase shift and channel size, the electron density
in the weak plasma channel generated by 800 nm, 50 fs laser pulses, was extracted to be
about 4 × 1016 cm−3 and the diameters of the plasma channel and light filament were
estimated about 50 and 150 µm, respectively. Théberge, et al. have shown that the
plasma density in a filament, characterized by side imaging fluorescence and longitudinal
diffraction techniques, is highly dependent on the focal length of the lens and slightly
dependent on the pulse power [Théberge 06]. The density was found to increase from 1015

to 2× 1018 cm−3 with a decrease of the focal length from 4 m to 10 cm.

Plasma lifetime

After the filamentation process in the atmosphere the self-guided laser pulse leaves
a plasma channel in its wake. The density of free electrons drops off rapidly due to
recombination and attachment processes, therefore the lifetime of the plasma channel
is limited to a few nanoseconds [Zhao 95]. The temporal evolution of the density of
free electrons generated in the wake of a filament have been characterised in several
experiments [Schillinger 99,Tzortzakis 00,Ladouceur 01]. For instance, the plasma decay
presented in Figure 1.4 was obtained by means of time resolved diffraction, where the
contrast of fringes observed in the far field is measured as a function of a temporal delay
between the filamentary pulse and the probe pulse [Tzortzakis 00].

Figure 1.4: Optical contrast of the probe wave front central fringe as a function
of the delay between the probe and the filamentary pulses. Black squares -
experimental data, lines - result of simulations. From [Tzortzakis 00].

A fast initial and slow secondary decay was observed (see Figure 1.4). The rapid
decay in the first phase indicates that the capture of electrons on the parent ions dom-
inates the initial evolution of the plasma during the first few hundreds of picoseconds.
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For the latter evolution, when free electron density ρe < 1015 cm−3, the attachment of
electrons on the neutral oxygen molecules becomes the main recombination process. It
yields in an exponential decay of the electron density with a characteristic time τ ∼ 150
ns [Ladouceur 01].

Terahertz radiation

During filamentation process a plasma string is left behind the moving laser pulse. The
interaction between free electrons born near the laser intensity peak with the remaining of
the pulse leaves the plasma in an excited state of oscillations [Sprangle 04,D’Amico 07c].
Predominant are transverse electron oscillations induced by the transverse component of
the laser field. However, for a pulse of many optical cycles (τ > 10 fs at 800 nm), the net
radial current is zero, so that no THz emission results. There is also a small longitudinal
oscillation due to the Lorentz force. Since the density of the plasma is on the order of
1016 cm−3, the corresponding electron plasma frequency ωpe =

√
e2ne/meε0 is around 1

THz. This longitudinal oscillation is damped quickly by collisions with neutral molecules,
so that the duration of the plasma oscillation and the corresponding THz pulse duration
are on the order of a few picoseconds. In other words, only the leading moving part of
the plasma string contains longitudinal oscillations that are responsible for THz emission.
One has therefore the equivalent of a longitudinal dipole-like structure moving at the
speed of light over a finite length and emitting therefore a transition-Cherenkov type THz
radiation [D’Amico 07c,D’Amico 08a].

A laser filament as a THz source has several unique advantages comparing to the
traditional techniques for THz generation including photoconductive antenna and optical
rectification with electro-optic crystal. Being a femtosecond filament a THz source can
be positioned far away from the laser system, thereby avoiding the absorption of the THz
field by water vapor during propagation in ambient air. At the same time, high-energy
laser pulses can be employed for THz generation without damage to the emitter, which is
impossible with the traditional techniques.

Multifilamentation

When the input peak power is far above the critical power for self-focusing, the modu-
lational instability splits the beam to a large number (N ' Pin/Pcr) of filaments [Vidal 96].
These multiple filaments interact with each other in a complex way: they can merge and
slip during the laser pulse propagation, particularly for collimated TW beams.

In high-power laser beams filaments are born from inhomogeneities of the wavefront,
which are generally produced by the noise in the laser system and are then amplified
by the air turbulence during the propagation. This process is named the modulational
instability [Couairon 07]. The control over multifilamentation is possible by deformation of
the wavefront with a phase-mask or with a deformable mirror [Méchain 04b]. For example,
it has been demonstrated that one can organize filaments in a matrix [Rohwetter 08] or
in a cylinder [Châteauneuf 08].
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Conical emission of white light

The white light beam generated during filamentation in gases or condensed media
generally consists of a white central part surrounded by a rainbow-like conical emission
(see Figure 1.5). The radial order of the spectral components is inverse of diffraction
with bluer frequencies appearing on the outside rings. This phenomenon is a signature
of filamentation. Several mechanism have been proposed to explain this phenomenon:
Cherenkov radiation [Golub 90,Nibbering 96], self-phase modulation [Kosareva 97], four-
wave mixing [Luther 94], formation of X-waves in the spatiotemporal domain [Conti 03,
Faccio 06].

Figure 1.5: Photo of the conical white light emission accompanying a filamen-
tary pulse in air, recorded at a distance of 30 m after the onset of filamenta-
tion [Nibbering 96]. A central white core (the filament) is surrounded by a ring
structure.

Ultraviolet fluorescence

During filamentation a bright plasma channel left after the passage of the laser pulse
is often visible for a human eye. Spectral analysis of plasma filaments in air has been
performed by several groups and the luminescence was identified as due to the opti-
cal transitions of the excited neutral and ionic nitrogen molecules inside the filamentary
plasma [Talebpour 99,Martin 02]. This plasma luminescence has been widely used for var-
ious purposes, like remote sensing of the atmosphere [Xu 11b], experimental measurements
of the length and width of a laser filament, the electron temperature and the laser intensity
inside laser filaments [Filin 09,Xu 12], etc. The plasma luminescence was observed to be
sensitive to the external electric field, this has opened up important applications for the
remote measurements of DC electric field or intense THz radiation [Sugiyama 09,Liu 10].
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Coherent stimulated emission

Stimulated radiation of air plasma pumped by ultrashort intense laser pulses has at-
tracted growing attention in recent years. Both backward and forward stimulated emis-
sions have been observed in experiments. In particular, the backward stimulated emission
is very interesting, because it can be potentially employed for remote sensing applications.
The advantage lies in the fact that it can bring information about pollutants towards the
ground observer with a well defined directionality. This has to be compared to the omni-
directionality of the fluorescence or scattered optical signal from the same pollutants.
The employment of backward stimulated lasing radiation for remote sensing is expected
to bring about tremendous improvement of the measurement precision and sensitivity.

17





CHAPTER 2. MEASUREMENTS OF LASER INTENSITY INSIDE FILAMENTS

Chapter 2

Measurements of laser intensity
inside femtosecond plasma filaments

2.1 Introduction

Femtosecond laser filamentation in air attracts considerable interest because of a rich
physics involved in the process, as well as due to a long list of possible applications.
The precise knowledge of parameters such as the fluence or intensity distribution inside
filaments is important. However, due to the very high intensities inside a filament (at least
1013 W/cm2), direct measurements are difficult because any device placed in the filament
path, whether a detector, a reflector or an attenuator, is easily damaged. Nowadays, the
information about laser intensity during filamentation relies on numerical simulations to a
large extent [Mlejnek 99,Nurhuda 02,Kandidov 03,Méchain 04b,Couairon 07,Kosareva 08,
Kandidov 11,Couairon 11].

Several indirect measurements of laser intensity inside filaments are possible and have
been performed. They are “indirect” in the sense that they rely on theoretical models
which link laser intensity to some measurable physical quantities. The first experimental
measurement of the filamentary laser intensity was mentioned in the paper by H. R. Lange,
et al. devoted to high-order harmonic generation [Lange 98]. A laser filament was formed
with an f = 1000 mm lens, 70 cm after the geometrical focus the filamentary pulse entered
into a cell containing a noble gas (xenon). For intensities of about 1013 - 1014 W/cm2, the
atoms generate a large number of odd high-harmonics [Salières 99]. The order (q) of the
highest harmonic is given by simple and well established relation [Krause 92,Corkum 93]:

qhω = Ui + 3.2Up, (2.1)

where Ui is the ionization potential of the atom (12.13 eV for Xe) and Up is the pondero-
motive energy (the mean kinetic energy of free electrons oscillating in the field of the laser
pulse), which is directly proportional to the peak intensity:

Up =
1

2
me〈v2〉 =

e2E2

4meω2
= 9.33× 10−14Iλ2. (2.2)

Here, the laser intensity I is expressed in W/cm2, wavelength λ in µm, Up in eV. Harmonics
up to the 15rd order was measured. The authors deduced an intensity of 4.5 × 1013
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W/cm2. Recently, D. S. Steingrube, et al. used the same approach to measure the
intensity at different distances along the filament. They found a laser intensity plateau
along the filament but also the presence of higher intensity spikes predicted in simulations
[Steingrube 11].

A peak intensity value of 4×1013 W/cm2 during filamentation of a 100-fs laser pulse in
air have been semi-empirically estimated by J. Kasparian, et al. [Kasparian 00], under the
assumption of a steady state balance between self-focusing and multi-photon ionization.

In 2005 A. Ting et al., presented a method to use an helium gas interface for charac-
terization of femtosecond laser filaments in air without perturbing the measurement by
the introduction of an optical element [Ting 05b]. Because of its low Kerr index, helium
allowed beam expansion before attenuation by reflection on the surface of a glass plate.
The authors found a fluence between 0.23 and 0.67 J/cm2 in a single filament and estimate
a peak intensity between 0.45 and 1.3× 1013 W/cm2.

Recently, S. Xu, et al. proposed another method based on the measurement of the
ratio of two nitrogen fluorescence lines [Xu 12]. These lines, namely, 337 nm and 391 nm,
are assigned to the second positive band of N2 (C3Πu → B3Πg) and the first negative
band system of N+

2 (B2Σ+
u → X2Σ+

g ), respectively [Lofthus 77,Talebpour 01]. Because of
distinct excitation mechanisms (although they are still not clear), the authors proposed
that the signals of the two fluorescence lines increase with the laser intensity at different
orders of nonlinearity. The value of the intensity inside filament was deduced to be
3.5× 1013 W/cm2 for conditions close to our experiment, which will be discussed further
(focal length of the lens 1000 mm, laser pulse energy 1 mJ). In a subsequent paper, using
the same technique, the authors also found intensity spikes reaching 1014 W/cm2.

2.2 Our method: results and discussion

We have recently proposed a simple technique to determine experimentally the laser
fluence/intensity inside a filament in air. Our method is based on the measurement of
the laser energy transmitted through diaphragms of increasing sizes (40 µm – 150 µm).
These diaphragms are fabricated by the filament itself on a thin metallic foil by cumulative
laser irradiation. The transmitted laser energy measured as a function of the diaphragm
size yields a spatially resolved laser fluence distribution. If the pulse duration is known,
the radial intensity distribution can be deduced. By displacing the metallic foil along
the filament propagation axis and repeating this procedure, one can then reconstruct a
2-dimensional distribution of the laser intensity along the filament.

The method is illustrated in Figure 2.1. Femtosecond laser pulses (wavelength: 800
nm, pulse duration: τp ≈ 46 fs) propagate in air, with an initial laser beam width of
d0 ≈ 15 mm. The spatial profile of our laser beam is not perfect. We thus installed an
aperture of da = 10 mm to the center of the beam to select its uniform part. After passing
through the aperture, laser pulses with an energy of 1.1 mJ are focused by a convex lens
(f = 1000 mm) to create single filaments in air. Employment of the aperture leads to
formation of a more stable filament [Cook 05]. An aluminium foil with thickness of 45 µm
is placed perpendicular to the laser propagation axis around the filamentation area. The
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metallic foil is mounted on a 3-dimensional translation stage for a scan along the filament.
A laser Joulemeter (model: Gentec SOLO 2, QE50SP-H-MB-D0) is placed far behind the
metallic foil to measure the transmitted laser energy once a micrometric pinhole has been
drilled by the filament itself.

Figure 2.1: Scheme of the experiment. The intense laser filament drills a micro-
metric diaphragm on the aluminum foil and the transmitted energy is measured
by the laser energy meter.

In our experiments, successive filament-forming laser shots progressively drilled a pin-
hole in the metallic foil. In Figures 2.2(a)-(f), these pinholes are presented as a function
of the number of laser shots (N). In this case, the metallic foil was placed 1 cm after the
geometrical focus of the lens (z = 1 cm). It is seen that the pinhole diameter increases
gradually with increasing number of laser shots.

Figure 2.2: The micrometric pinholes created by the laser filament as a function
of the number of laser shots. The 1.1 mJ femtosecond laser pulses are focused
by a convex f = 1000 mm lens in air.
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Figure 2.3: (a) and (b), diameter of the micrometric pinholes and the corre-
sponding transmitted laser energy as a function of the laser shot number. (c),
Transmitted laser energy as a function of the pinhole diameter. (d), Calculated
laser fluence (left scale) and laser intensity (right scale) as a function of the
pinhole diameter.

In Figure 2.3(a), the diameter of the drilled pinholes is presented as a function of
the number of laser shots. It is seen that the pinhole diameter increases from ≈ 50 µm
after 100 shots to a stable value of ≈ 130 µm after 1000 laser shots. The laser energy
transmitted through the pinhole is also presented in Figure 2.3(b) as a function of the laser
shot number. For N = 2000, the transmitted energy was around 0.48 mJ. In Figure 2.3(c),
the transmitted laser energy is plotted against the size of the diaphragms. Knowing the
transmitted laser pulse energy and the corresponding diaphragm area, one can calculate
the laser fluence directly. For two adjacent diaphragms with diameter d1 and d2 > d1, the
laser fluence in the zone d2 > d > d1 is given by:

F =
E2 − E1

π
4

(d22 − d21)
, (2.3)

where E1 and E2 are the measured laser energy contained in the diaphragm of d1 and d2,
respectively. The results are presented in Figure 2.3(d), where a maximum laser fluence
of ≈ 7 J/cm2 is observed.

To estimate the laser intensity, one needs to know the laser pulse duration τp. Once τp
is measured or estimated, the maximum laser intensity can be deduced as I ≈ 0.94F/τp,
assuming a Gaussian temporal profile. However, it is known that during the filamentation
process the pulses may experience complicated temporal transformations such as pulse
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splitting [Ranka 96, Bernstein 02] and pulse shortening [Kosareva 07, Odhner 10]. As a
result, sharper temporal structures compared to the initial laser pulse duration of the
incident laser can occur and have been observed. Consequently, taking the initial pulse
duration unchanged is likely to underestimate the filament peak intensity.

We measured the pulse duration of the central part of the laser beam after filamen-
tation with a Frequency Resolved Optical Gating (FROG) apparatus by Swamp Op-
tics [Trebino 00]. A 1-mm-diaphragm was installed 60 cm after the zone of filamentation,
where the beam size was about 10 mm. For a pulse energy below 2 mJ, the measured
pulse duration in the central part of the filament was ≈ 46 fs and remained rather stable
with successive laser shots (see Figure 2.4). For laser pulse energy beyond 3 mJ, the
measured pulse duration became unstable from shot to shot, indicating the emergence
of complicated temporal structures. Assuming the pulse duration of 46 fs, we calculated
the laser intensity distribution inside the filament, as presented in Figure 2.3(d). Note
that the maximum laser intensity inside the filament is ≈ 1.44× 1014 W/cm2. This value
is 2-3 times higher than previously reported for conditions close to those of our experi-
ment [Lange 98,Kasparian 00,Xu 12]. We believe this translate the fact that we are able
to measure the intensity of a small central area of the filament. If we consider the laser
energy in a larger section of the filament (corresponding to the diaphragm of the largest
size), we extract a value of ≈ 5.5× 1013 W/cm2, close to previous results.

Figure 2.4: Laser pulse temporal profile measured by FROG apparatus 60 cm
after the zone of filamentation: (a) with the laser pulse energy Epulse = 200
µJ (under the threshold of filamentation) and (b) with Epulse = 1.1 mJ (our
experimental conditions).

The above measurements were performed 1 cm after the geometrical focus of the laser
beam. By repeating the same measurement along the filament propagating axis at different
z positions, we obtained the laser intensity distribution around the entire filamentation
zone. Combining all measurements, we construct a 2-dimensional distribution of the laser
intensity of the filament. This “intensity map” is presented in Figure 2.5. Two laser
intensity peaks are observed around z = −3 cm and z = 1 cm, signaling the occurrence
of re-focusing [Talebpour 99, Liu 03]. We also present in Figure 2.5(a) the luminescence
of the plasma channel taken with a CCD camera.
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Figure 2.5: (a) Image of the filament luminescence taken by a CCD camera. (b)
Measured laser intensity distribution along the filamentation area. The laser
comes from the right side of the figure.

2.3 Conclusion

In summary, we demonstrated a simple and direct method to measure the laser
fluence/intensity distribution inside an intense femtosecond laser filament in air. This
method exploits the destructive capacity of a filament to fabricate a variable diaphragm
on a metallic foil. The laser intensity is obtained from the measured diaphragm size,
the corresponding transmitted laser energy and the laser pulse duration. A longitudinal
scan along the filament provides a 2-dimensional characterization of the laser intensity of
the filament. For a laser pulse energy of ∼ 1 mJ the maximum intensity inside filament
is measured to be ∼ 1.44 × 1014 W/cm2, 2-3 times larger than previously reported for
similar experimental conditions. We attribute this higher value to a spatial resolution
(≈ 50 µm) better than the filament diameter (≈ 150 µm). This simple method could find
application in other intense laser-matter interaction experiments where measurement of
laser intensity distribution is highly desired, such as in high order harmonic generation in
gases or laser surface ablation.
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Chapter 3

Ultraviolet fluorescence from plasma
filaments in air

3.1 Introduction

Intense femtosecond laser pulses launched in transparent media experience filamentary
propagation, which has been observed to be a generic phenomenon in solids, liquids,
and gases. One of the most spectacular phenomena associated with filamentation is the
formation of a long, bright plasma channel after the passage of the laser pulse, which
extends from a few centimeters to hundreds of meters in air depending on experimental
conditions [Couairon 07,Chin 10]. Spectral analysis of the plasma channel in air has been
performed by several groups and the fluorescence was identified as due to the following
two main processes [Talebpour 99,Martin 02]:

• the C3Πu → B3Πg transition of the second negative band of excited triplet state
(C3Πu) of neutral N2 molecules,

• the B2Σ+
u → X2Σ+

g transition of the first positive band of the excited cation state
N+

2 (B2Σ+
u ).

These bands of ionic and neutral molecular nitrogen is schematically shown in Figure 3.1.
A typical filament fluorescence spectra in air is presented in Figure 3.2.

The spectroscopy of molecular nitrogen has been extensively studied since the mid-
dle of the XIX century [Lofthus 77]. At that time the second negative band of N2 and
the first positive band of N+

2 have been observed and described for the first time. In the
1920s the rotational structure of these systems became a subject of systematic study. The
complete “identification atlas” of the two bands was presented in the mid-1960s by Tyte
and Nicholls [Tyte 64, Tyte 65]. As the names indicate, these systems were observed in
the positive and negative columns of a discharge through nitrogen, but it is also readily
produced in various sources such as transformer-excited discharges through gases contain-
ing traces of nitrogen, in discharges produced by microwaves, in hollow cathode tubes,
etc. In the late-1970s−1980s the spectroscopic investigation of laser-initiated plasmas
in atmospheric gases has begun. At that time mostly a neodymium (wavelength: 1.06
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Figure 3.1: Schematic potential energy diagram of the neutral and ionic nitro-
gen molecules. The C3Πu → B3Πg of the neutral N2 was historically named as
the second positive band of nitrogen molecules, the B2Σ+

u → X2Σ+
g transition

of N+
2 as the first negative band.

µm, pulse duration: 10-20 ns, intensity: 1010 - 1012 W/cm2) laser was used. Emission
measurements of plasmas produced in low pressure air (∼ 100 torr) reveal molecular lines
of the second negative system of N2 and the first positive system of N+

2 [Armstrong 83].
Measurements in pure nitrogen (100 - 800 torr) reveal Stark broadened N3+ lines and
molecular N+

2 lines [Alam 90]. At higher pressure in air the continuum emission peaked
around 200 nm was observed [Radziemski 83, Borghese 98]; there was no line or band
emission detected. In 1999, Talebpour, et al. presented a spectral measurements of fil-
amentary plasmas produced in atmospheric air using a 60 mJ, 220 fs, Ti:Sapphire laser,
showing nitrogen molecular lines [Talebpour 99]. The spatial distribution of line emission
presents an evidence of multiple re-focusing during filamentation.

Applications of filament-induced nitrogen fluorescence

The plasma fluorescence has been widely used for various purposes. Potential use of
femtosecond laser-induced fluorescence for remote sensing in the atmosphere was demon-
strated in 2004 [Luo 04, Gravel 04]. Later, simultaneous detection and identification of
gas pollutants mixed with air at atmospheric pressure were performed using filament-
induced nonlinear spectroscopy (FINS) [Xu 07]. The high intensity inside a filament can
dissociate the gas molecules into small fragments which emit characteristic fluorescence.
The authors have demonstrated the generic algorithm to identify the unknown spectra.
The FINS technique has been applied for remote sensing of hydrocarbons, ethanol va-
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Figure 3.2: The emission spectra of air in atmospheric pressure interacting
with a 200 fs laser pulse, taken from [Talebpour 01]. The lines marked by 1 are
assigned to the first negative band system of N+

2 (B2Σ+
u → X2Σ+

g transition)
and those marked by 2 are assigned to the second positive band system of N2

(C3Πu → B3Πg transition). In the transitions (ν – ν′), ν and ν′ denote the
vibrational levels of upper and lower electronic states, respectively.

por and smoke [Xu 06, Luo 06, Daigle 08, Kamali 09, Chin 09, Xu 11b]. Recently, water
vapor condensation induced by femtosecond laser filamentation has been observed in a
cloud chamber [Rohwetter 10] and in the atmosphere [Petit 11,Henin 11]. Remote humid-
ity measurements using filament-induced fluorescence spectroscopy have been performed.
Clear fluorescence emission from OH radical at 308.9 nm [Wang 12] and the stronger one
from NH radical at 336 nm [Yuan 14] were observed in air. The linear dependence of the
fluorescence signal intensity with the relative humidity around the filament region was
reported.

The fluorescence of nitrogen molecules from plasma filaments has been used for char-
acterisation of filaments. The length and width of laser filaments in air have been ex-
perimentally measured mainly based on the plasma fluorescence trace left in air after
the intense laser pulse [Kasparian 03, Hosseini 03, Iwasaki 03, Luo 05, Théberge 06, Bern-
hardt 08, Owada 13, Point 14]. The fine structure of the fluorescence spectrum has been
exploited to extract the electron temperature inside an intense laser filament [Filin 09].
Recently, Xu, et al. proposed a simple method for the measurement of laser intensity in-
side femtosecond laser filaments [Xu 12]. It is based on an empirical dependence between
the laser peak intensity and the strength ratio of two nitrogen fluorescence signals at 337
nm and 391 nm from femtosecond filament in air. Because of distinct excitation mecha-
nisms, the signals of these fluorescence lines increase with the laser intensity at different
orders of nonlinearity.
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In the presence of external electric field, the plasma fluorescence was observed to
increase, which has opened up important applications for the remote measurement of DC
electric field [Sugiyama 09] or intense Terahertz radiation [Liu 10]. In the later work, J.
Liu and coworkers introduced an optical technique of broadband THz wave detection by
coherently manipulating the fluorescence emission of a gas plasma interacting with THz
waves. The coherent THz wave detection was demonstrated at a distance of up to 10 m.

Mechanisms of nitrogen fluorescence

There is still controversy about the physical mechanisms that achieve population in
the (C3Πu) and (B2Σ+

u ) states inside laser filaments in air.
Direct photon excitation into the excited triplet state (C3Πu) of neutral N2 molecules

is a spin forbidden process and therefore unlikely. Up to now, two indirect processes to
achieve population in this state have been suggested. It was first proposed that dissociative
recombination through the two processes: N+

2 +N2+N2 ⇒ N+
4 +N2, followed by N+

4 +e⇒
N2 (C3Πu)+N2 is responsible at atmospheric pressure [Xu 09,Xu 11a]. At the mean time,
recent experiments indicates that intersystem crossing from an excited singlet state is the
dominant path to produce the triplet state and dissociative recombination was shown to
be a minor contributor [Arnold 12].

The formation of the excited cation state N+
2 (B2Σ+

u ) results from the removal of an
inner-valence electron from the (σu2s) orbit of neutral N2 molecule, where the ground state
electronic configuration is KK(σg2s)

2(σu2s)
2(πu2p)

4(σg2p)
2 [Talebpour 00,Talebpour 01].

Stimulated UV emission from plasma filaments

The understanding of the plasma luminescence is also important in the context of
recently discovered stimulated emission from filaments in air and other gas mixtures.
The backward and forward stimulated emissions from filaments have attracted attention
due to their potential for applications to remote sensing [Kocharovsky 05, Hemmer 11,
Kartashov 13, Yao 13, Chu 14b]. It was revealed that the stimulated emissions were
rooted in the same electronic transitions corresponding to the luminescence, i. e., the
C3Πu → B3Πg transition of neutral N2 molecules,and the B2Σ+

u → X2Σ+
g transition of the

first positive band of the excited cation state N+
2 [Kartashov 12,Yao 13,Mitryukovskiy 14].

Therefore, the plasma luminescence and stimulated emission are actually two sides of the
same coin.

In 2011, Yao, et al. reported a forward stimulated radiation in ambient air or pure
nitrogen pumped by short and intense mid-IR laser pulses [Yao 11]. The lasing effect
corresponded to the B2Σ+

u → X2Σ+
g transition between the excited and ground cation

states. It could be triggered by fine tuning of the wavelength of a femtosecond Optical
Parametric Amplification (OPA) laser system operating in the mid-IR (wavelength: 1.2
µm - 2.9 µm). Lasing radiation was initiated by a seeding effect of the 3rd or 5th harmonic
of the driving pulse overlapped with specific spectral positions of the above transitions.
The authors attributed the lasing effect to the amplification of the weak harmonic pulse in
the presence of population inversion [Yao 11,Ni 12,Chu 12]. The mechanism responsible
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for population inversion is still a subject of controversy. Later, the same group showed
that lasing action of N+

2 could also be activated with 800 nm femtosecond laser pulses,
but required injection of a seed pulse around 400 nm [Ni 13, Yao 13]. This external 400
nm pulse is the counterpart of the 3rd or 5th harmonic in the case of mid-IR pumping.
Lasing obtained with a pump at 800 nm is particularly interesting because of the wide
availability of femtosecond lasers at this wavelength. Very recently, three independent
groups reported self-seeded lasing action from N+

2 in air or pure nitrogen pumped by
just one single pulse at 800 nm [Liu 13, Wang 13, Chu 14a]. The seeding was provided
by the generation of second harmonic and supercontinuum white light inside the gas.
Subsequently, the lasing action in atmospheric air pumped by 800 nm laser pulses with
peak power up to 4 TW was obtained [Point 14]. The maximum lasing radiation energy
was 2.6 µJ, corresponding to an emission power in MW range. The maximum conversion
efficiency of 3.5× 10−5 is measured at moderate pump pulse energy.

Q. Luo and coworkers were the first to suggest the existence of a backward stimulated
emission from femtosecond laser filaments in air, based on an exponential increase of
nitrogen fluorescence with filament length [Luo 03]. In 2012, Kartashov, et al. reported
a strong backward lasing emission at 337 nm and 357 nm in high-pressure (2 - 5 bar)
mixture of nitrogen and argon pumped by powerful mid-IR lasers (wavelength: 3.9 µm or
1.03 µm), due to a collision-induced population inversion between the C3Π+

u and B3Π+
g

states of the excited N2 molecule [Shneider 11,Kartashov 12].
In 2013-2014 our group achieved a backward stimulated emission at 337 nm under

atmospheric pressure [Mitryukovskiy 14,Ding 14]. Our findings will be presented in detail
in the Chapter 4 of this manuscript. Interestingly, it was observed that backward 337 nm
stimulated emission associated with the neutral N2 molecules can only be achieved with
circularly polarized laser pulses, while the forward 391 nm and 428 nm radiation originated
from the excited nitrogen cation exists just for linear laser polarization [Zhang 13, Mit-
ryukovskiy 14,Ding 14].
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3.2 Plasma fluorescence of femtosecond laser fila-

ments in air

In this chapter, we present and discuss the strong dependence of the luminescence from
both the N2 and N+

2 molecules on the incident laser polarization. It reveals a new non-
radiative route of populating excited neutral and ionic molecular levels through electron
collision.

Scheme of the experiment

In the experiment (see Figure 3.3 for the scheme of our setup), femtosecond laser
pulses with pulse energy up to 10 mJ (46 fs, 800 nm) from a commercial laser system
were focused by a convex lens in ambient air. A quarter-wave plate (λ/4) was installed
before the focal lens to change the laser polarization from linear to circular. Plasma
channels with length varying from a few millimeters to several centimeters were created,
dependent on the incident pulse energy. In order to detect the spontaneous luminescence
in the direction orthogonal to the laser propagation axis, an f = 25 mm lens was employed
to collimate the luminescence emitted at its geometrical focus and a second lens of f = 100
mm was used to focus the collected emission onto the entrance slit of a monochromator
(Jobin-Yvon H-20 UV). The two lenses are made of fused silica. The luminescence signal
from the monochromator was measured by a photomultiplier tube (Hamamatsu, model:
H10722). In order to resolve longitudinally the luminescence signal along the filament, a
1 mm × 6 mm rectangular diaphragm was placed 1 mm away from the filament.

Figure 3.3: Scheme of the experimental setup. The incident femtosecond pulses
are focused by an f = 1000 mm lens to create a filament in air. The lumines-
cence from the filamentary plasma is collected by a system of two fused silica
lenses into the slit of a monochromator. The signal is measured with a photo-
multiplier tube (PMT). A 1 mm × 6 mm rectangular diaphragm was placed
1 mm away from the filament to resolve longitudinally the luminescence signal
along the filament.
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Experimental results

We first measured the luminescence spectrum for linearly and circularly polarized laser
pulses at different incident energies. Detection was performed at the middle position of
the filaments in each case. In Figures 3.4(a) and (b), we present the results for Ein = 250
µJ, with a power just at the threshold for filamentation and for Ein = 10 mJ, where the
peak power is 30 times higher than the critical power for self-focusing. The corresponding
peak laser intensities were obtained from measurements of the laser flux through circular
diaphragms of 60 µm diameter fabricated by a single filament formed with pulses of
1 mJ energy (this method is presented in detail in the Chapter 2). The intensities were
estimated to be around 3×1013 W/cm2 and 1.45×1014 W/cm2, respectively. The emission
peaks around 315, 337, 357, 380, 400 nm have been identified as due to the C3Πu → B3Πg

transition of the third excited triplet state of the neutral nitrogen molecules with different
initial and final vibrational quantum numbers. The two peaks around 391 nm and 428
nm correspond to the B2Σ+

u → X2Σ+
g transition of the excited ionic N+

2 molecules. In
Figure 3.4(a), a much stronger luminescence emission is observed for all lines with linearly
polarized laser pulses. However, at higher laser energy, the neutral N2 molecular lines
become stronger with circular laser polarization (see Figure 3.4(b)). The luminescence
signal of the excited ionic molecules at 391 nm and 428 nm is now almost equal for the
two pump laser polarization states.

Figure 3.4: Luminescence spectrum of the air plasma filaments for linearly
and circularly polarized laser pulses of 250 µJ (a) and 10 mJ (b). In (a), the
signal obtained with circular laser polarization is multiplied by a factor of 2 for
visibility.
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In Figure 3.5, we present the evolution of the 337 nm and 391 nm luminescence signal
representative of neutral and ionic nitrogen molecules along the filament axis z for both
linear and circular laser polarization, for three different incident laser pulse energies. In
Figures 3.5(a) and (a’), where the incident laser energy was 250 µJ, linear laser polarization
yields more intense luminescence for both lines along the ∼ 25 mm filament. For an
incident pulse energy of 10 mJ, however, the 337 nm emission line becomes ∼ 1.5 times
stronger with circularly polarized laser between z = −40 mm to z = −10 mm (Figure
3.5(c)). The 391 nm signal is nearly equivalent along the filament for the two laser
polarizations, with a slight difference dependent on the position (see Figure 3.5(c’)). For
intermediate laser pulse energy of 1.1 mJ, the 337 nm and 391 nm signals with circularly
polarized laser are found to be comparable to those obtained with linear laser polarization,
as presented in Figures 3.5(b) and (b’). We verified that the 357 nm and 428 nm emission
lines exhibit similar behavior as those observed for 337 nm and 391 nm.

Figure 3.5: Intensity of the 337 nm ((a)-(c)) and the 391 nm ((a’)-(c’)) lumines-
cence signal measured along the filaments for linearly and circularly polarized
laser pulses. The incident pulse energy was 250 µJ for (a) and (a’), 1.1 mJ for
(b) and (b’), and 10 mJ for (c) and (c’).
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The ellipticity ε of the laser can be changed continuously from linear (ε = 0) to
elliptical (0 < ε < 1), and eventually circular (ε = 1) by rotating the quarter-wave plate.
We therefore measured the dependence of the 337 nm and 391 nm signal as a function of
ellipticity. All measurements were performed around the center of the plasma filament.
In Figure 3.6, the results are presented for 4 different pulse energies as a function of the
rotation angle of the λ/4 waveplate. The angles φ = 90◦ × m correspond to linearly
polarized laser, with m = 0, 1, 2, 3. The angles φ = 45◦ + 90◦ × m correspond to

Figure 3.6: The luminescence signals at 337 nm ((a)-(d)) and 391 nm ((a’)-(d’))
as a function of the rotation angle of the quarter-wave plate. The incident pulse
energy was 250 µJ, 600 µJ, 2.7 mJ and 10 mJ for (a) and (a’), (b) and (b’),
(c) and (c’), (d) and (d’), respectively. All the measurements were performed
around the center of the filament. Angle 0◦ corresponds to linear polarization
of the pump laser.
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circular laser polarization. With laser pulse energy of 250 µJ, the dominance of linear
laser polarization over elliptical and circular is observed for both 337 nm and 391 nm
emissions (Figures 3.6(a) and (a’)). With increased pulse energy of 600 µJ, the signal at
337 nm is of same amplitude irrespective of the pump polarization (Figure 3.6(b)). Upon
further increase of the pump pulse energy, the signal at 337 nm becomes more intense
with a circularly polarized pump (Figures 3.6(c) and (d)). Concerning the emission of N+

2

at 391 nm, the relative intensity obtained with circularly polarized laser pulses increases
(see Figures 3.6(b’) and (c’)), until almost no dependence on ellipticity is observed for
pulses of 10 mJ (Figure 3.6(d’)).

Interpretation of the results

How should we understand the dependence of the luminescence with pump laser po-
larization? For the population of N+

2 ions in the (B2Σ+
u ) state by inner-valence photon-

ionization, linear laser polarization has been shown to be more efficient [Talebpour 00,
Becker 01]. For the triplet neutral N2 (C3Πu) molecules, both dissociative recombination
and intersystem crossing predict that a linearly polarized pump should generate a signal
larger than that with a circularly polarized pump. In the case of dissociative recombi-
nation, the final density of N2 (C3Πu) molecules depends on the density of N+

2 in the
fundamental state after photon-ionization within the duration of the femtosecond laser
pulse [Xu 09], which is more effectively produced by linearly polarized laser in the laser
regime of 1013 W/cm2 - 1015 W/cm2 [Talebpour 00, Becker 01]. The intersystem cross-
ing mechanism expects a similar dependence on laser polarization, because the transition
from the fundamental singlet state of N2 to an intermediate singlet state is likely more
effective with linearly polarized laser pulses. Therefore, the dominance of linear laser po-
larization on the luminescence (Figure 3.5(a) and Figure 3.6(a)) is compatible with the
two mechanisms. Consequently, the dominancy of linear laser polarization in generating
both 337 nm and 391 nm luminescence in the lower laser intensity regime is explained by
the corresponding higher photonic inner-valence ionization probability. So the question
is why circularly polarized laser pulses become more efficient in the higher laser intensity
regime, as presented in Figure 3.6(d) and (d’)?

An important difference between linear and circular laser polarization in gas plasma
generation is the kinetic energy of free electrons generated by the intense laser field [Bucks-
baum 86, Corkum 89]. With linearly polarized laser pulses, the electrons are left with
low kinetic energy because they experience alternative acceleration and deceleration by
the laser field during the pulse duration. In striking contrast, with a circularly polar-
ized laser electrons are always accelerated away from the molecular ion. As discussed
below, they acquire an average energy of ∼ 2Up at the end of the laser pulse, where
Up = e2/cε0me × I/2ω2

0 is the ponderomotive energy of the electron in the laser field
with ε0, me, I, ω0 the vacuum permittivity, the mass of the electron, the intensity and
the frequency of the laser field. Therefore, a large number of electrons with a kinetic
energy around 2Up = 16.7 eV is produced inside the filament in the high intensity regime
(I = 1.45× 1014 W/cm2). The distribution of transverse electron kinetic energies can be
predicted by semi-analytical laws: integration of Newton equations leads to a transverse
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momentum ~p(t) = −e
(
~A(t)− ~A0

)
, where ~A(t) denotes the vector potential at instant t

and ~A0 denotes its counterpart when the electron is liberated, at rest. After the passage
of the pulse, ~A(t) vanishes. The transverse momentum becomes p(∞) = −eA0, and the
transverse kinetic energy reads Ekin(t0) = e2A2

0/2me, where t0 indicates that the corre-
sponding electron was liberated at the instant t0 within the pulse. Using an analytical
form for the electric field (cosine envelope) allows us to infer the vector potential by inte-

gration of ~E = −∂ ~A/∂t. Therefore, all electrons generated between t0 and t0 + ∆t with
probability (∂ne/∂t)t0 × (∆t/ne,∞), where ne(t) denotes the electron density calculated
from the rate equations and ne,∞ denotes the total electron density generated by the pulse,
will have a kinetic energy between Ekin(t0) and Ekin(t0 +∆t), leading to a parametric rep-
resentation of the distribution of kinetic energies presented as a continuous curve in Figure
3.7. In the case of linear laser polarization most of the electrons are left with an energy
below 1 eV, as shown in Figure 3.7(a). By contrast, an almost monoenergetic distribution
around 16.7 eV is achieved for circular laser polarization (Figure 3.7(b)). These results
were obtained in collaboration with Arnaud Couairon of CPHT, École Polytechnique.

Figure 3.7: Calculated electron energy distribution in the case of linearly (a)
and circularly (b) polarized laser pulses. The laser intensity used in the calcu-
lation was 1.45× 1014 W/cm2. The red lines represent the analytic results and
the bars denote that from numerical simulation.

We also calculated the electron energy distribution after the passage of the laser pulses
by numerical simulations. In the simulations, we assume that electrons are generated by
optical field ionization of oxygen and nitrogen molecules, described by a set of coupled rate
equations. At the intensity level considered, we also computed second ionization processes
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so as to accurately determine the fraction of oxygen and nitrogen ions which liberate a
second electron and found them negligible. Liberated electrons are assumed at rest and
are accelerated by the electromagnetic (Lorentz) force mainly in the polarization plane.
The acceleration in the longitudinal (propagation) direction is negligible compared to the
transverse acceleration. We calculated the classical motion of a set of electrons under the
action of the Lorentz force and then performed statistics by weighting each electron by its
probability to be liberated at a given instant during the pulse. The results by numerical
simulations are presented by the bars in Figure 3.7 and agree very well with that of the
semi-analytical analysis.

A collision excitation process of N2 and N+
2 is expected to contribute significantly

to populate their excited states. This process obviously depends on the electron kinetic
energies, which are pump polarization dependent. In particular, electron collision process
N2(X

1Σ+
g ) + e = N2(C

3Π+
u ) + e opens up if the electron energy exceeds the threshold

energy of ≈ 14 eV, with a cross section of 0.58 Å2 [Itikawa 06]. As a result, the energetic
electrons produced inside the filament plasma with circularly polarized laser pulse leads
to efficient population built-up in the C3Π+

u state, and thus to a stronger luminescence at
337 nm, as observed in Figures 3.5(c) and 3.6(d). In a traditional nitrogen laser pumped
by electric discharge, it is actually this inelastic collision that gives rise to population
inversion between the C3Π+

u and B3Π+
g states [Kunabenchi 84].

In the presence of abundant energetic free electrons, electron collision excitation to
populate the excited ionic state is also possible through the following two processes:

N+
2 (X2Σ+

g ) + e→ N+
2 (B2Σ+

u ) + e, (3.1)

N2(X
1Σ+

g ) + e→ N+
2 (B2Σ+

u ) + e+ e. (3.2)

The threshold electron energy of the above two collisions are respectively 3.17 eV and
18.75 eV [Crandall 74, Nagy 03, Itikawa 06]. The effective collision sections of the two
processes are ∼ 3 Å2 and ∼ 0.01 Å2 at optimum electron energy [Crandall 74, Nagy 03,
Itikawa 06]. With circularly polarized laser pulses, energetic electrons from ionization
of O2 and N2 experience frequent collisions with neutral air molecules at frequency of
νc ∼ 1012 Hz at standard temperature-pressure conditions. Therefore, population of the
B2Σ+

u state through the above two collision processes is expected to contribute upon an
increase of circularly polarized laser energy. We therefore interpret the relative increase
of luminescence with circularly polarized pump light presented in Figures 3.6(b’)-(d’) as
resulting from collision excitation channels that gradually compensate the weaker direct
inner-valence ionization from the (σu2s) orbits. The process starting with ions requires
electrons with less kinetic energy and is therefore contributing at lower laser energies. The
process (3.2) requires higher laser intensities, but the density of collision partners (neutral
molecules) is much higher.
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3.3 Conclusion

In summary, we have demonstrated that the luminescence emitted by neutral and
singly ionized N2 molecules inside femtosecond laser filaments in air depends strongly
on the polarization state of the incident laser pulses. At lower pump laser intensity,
the predominance of the luminescence from both species with linearly polarized pump
is simply explained by the higher optical field ionization rate. At higher laser intensity,
new excitation routes become available, due to the presence of electrons with high kinetic
energy left after the laser pulse. This collision-assisted mechanism leads to an increase
of population in the excited triplet state through direct collision excitation from neutral
molecules in the ground state with energetic electrons. For a laser intensity reaching 1014

W/cm2, it is also believed to increase the population of the excited ionic state. These
findings are important for the understanding of the stimulated radiation from filaments
and may find applications, such as the remote sensing of electric field or THz radiation.
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Chapter 4

Backward lasing of femtosecond
plasma filaments

Stimulated radiation in ambient air or its major components (N2 and O2) when
pumped by an intense ultrashort laser pulse has attracted much attention in recent
years [Dogariu 11, Sprangle 11, Kartashov 12, Owada 13]. The generation of coherent
radiation with such cavity-less laser sources holds great potential for remote sensing ap-
plications. The advantage of the backward stimulated radiation for remote sensing lies
in the fact that it can bring information about pollutants towards the ground observer
with a well defined directionality (Figure 4.1). The employment of a backward stimulated
lasing radiation for remote sensing is expected to bring about tremendous improvement
of measurement precision and sensitivity, because coherent detection methods such as
Stokes- and anti-Stokes Raman Scattering can be then employed instead of the currently
used incoherent detection of laser induced luminescence [Malevich 12].

4.1 Introduction: State of art

Up to now, two different schemes for backward stimulated radiation in air have been
demonstrated experimentally, based on population inversion either of O atoms or N2

molecules. In the first scheme, inversion in the population of oxygen atoms was obtained
with an intense UV pulses at 226 nm. The UV pulse served two functions, first to photo-
dissociate oxygen molecules, then to pump the oxygen atoms to the 3p3P state via two-
photon excitation [Dogariu 11]. Strong stimulated emission at 845 nm, corresponding to
the 3p3P → 3s3S transition, was observed in both the backward and forward directions.
However, a serious limitation of this scheme is the significant absorption of 226 nm light
by atmosphere, preventing its use for remote pollutant sensing.

The second scheme deals with population inversion in neutral N2 molecules. About
10 years ago, Q. Luo and coworkers suggested the existence of a backward amplified
spontaneous emission (ASE) from femtosecond laser filaments in air with linearly polarized
800 nm laser pulses. The evidence was based on the observation of a weak exponential
increase of the backward UV luminescence at 357 nm upon filament length [Luo 03].
Filaments offer a favorable geometry for ASE because of the high aspect ratio of the
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plasma strings at the origin of the emission. The UV emission corresponded to a transition
between the C3Πu (ν ′ = 0) and the B3Πg (ν = 1) triplet states of the N2 molecules,
where ν and ν ′ are the vibrational quantum numbers. Similar results have been reported
recently by S. Owada and coworkers [Owada 13]. In 2012 D. Kartashov, et al. reported
a strong backward ASE lasing from N2 molecules. A high power mid-infrared (3.9 µm
or 1.06 µm) femtosecond pulses was used to induce a filament plasma column in a high
pressure mixture of nitrogen and argon gas. Microjoule amounts of backward ASE from
the plasma column were observed with a well-defined spatial profile [Kartashov 12]. The
emission at 337 nm and 357 nm have been identified as being due to the transition
between the third and second excited triplet states of neutral nitrogen molecules, i.e.
C3Πu → B3Πg. The population inversion mechanism was attributed to the traditional
Bennet scheme, where collisions transfer the excitation energy of argon atoms to molecular
nitrogen [Kunabenchi 84]. Unfortunately, this scheme cannot be employed for remote
sensing application in atmospheric air, because of its requirement of high pressure argon
gas (p > 3 bar).

Recently, we demonstrated that an intense backward stimulated radiation from fila-
ments in nitrogen gas can be achieved with circularly polarized 800 nm femtosecond laser
pulses at the atmospheric pressure [Mitryukovskiy 14]. The population inversion between
the triplet C3Πu and B3Πg states was attributed to inelastic collisions between the elec-
trons liberated by the pump laser and surrounding neutral ground state N2 molecules.
Next, we showed that it is possible to enhance this backward UV emission by injecting
a weak optical signal in a segment of the filament [Ding 14]. Our simple scheme for
backward stimulated emission and amplification from nitrogen gas pumped by the widely
available 800 nm femtosecond laser pulse is a significant step towards applications for
remote sensing.

Figure 4.1: Scheme of a “laser in the sky” setup, which is strongly desirable for
such remote sensing applications as detection of pollutants, distant humidity
measurements and other atmospheric studies. Commercial laser system on
the ground (1) creates filaments in the sky, which emit lasing radiation in the
backward (2) and the forward (3) directions. Such secondary emission can
bring the desired information towards the ground observer.
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4.2 Backward stimulated radiation from plasma fila-

ments pumped by circularly polarized femtosec-

ond laser pulses

In this section we present an intense backward stimulated radiation from filaments in
nitrogen gas pumped with circularly polarized 800 nm femtosecond laser pulses. Existence
of the stimulated radiation is confirmed by the distinct dependence of the backward UV
spectrum on the incident laser polarization and by the measured intensity profile of the
backward emission. We attribute the population inversion between the triplet C3Πu and
B3Πg states to inelastic collisions between the electrons liberated by the pump laser and
surrounding neutral ground state N2 molecules. The dependence of the lasing effect on the
incident laser pulse polarization is explained by the fact that a circularly polarized laser
produces more energetic electrons than a linearly polarized one. We find that the presence
of oxygen molecules results in a significant quenching of the lasing action. With our present
experimental parameters, significant gain occurs up to an oxygen concentration of ∼ 12%.

Experimental setup

In our experiments, a commercial chirped pulse amplification (CPA) laser system
(Thales Laser, Alpha 100) was used. Femtosecond laser pulses (duration of 46 fs, repetition
rate of 100 Hz) were focused by a convex lens of an f = 1000 mm in a gas chamber filled
with 1 bar of pure nitrogen gas or a mixture of nitrogen and oxygen. A broadband
dielectric beam splitter was used to steer the incident pulses into the gas chamber, while
transmitting the backward UV emission from the gas plasma to the detector. A quarter-

Figure 4.2: Schematic experimental setup. The incident femtosecond pulse is
focused by an f = 1000 mm lens. The dichromatic beam splitter (BS) steers
the 800 nm pulses inside the gas cell filled with nitrogen gas or its mixture with
air. The backward radiation from the plasma is collected by an f = 25 mm
and an f = 100 mm fused silica lenses into the slit of a monochromator. The
signal is measured with a photomultiplier tube (PMT).
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wave plate was inserted before the incident window of the gas chamber to change the
laser polarization between linear and circular. The backward emission was focused by
an f = 100 mm fused silica lens to the slit of a monochromator (Jobin-Yvon H-20 UV,
grating: 1200 g/mm) combined with a photomultiplier tube (PMT). Typically, an average
over 500 laser shots was performed for each individual measurement. The transverse
fluorescence from the plasma channel was also measured. In this case a vertical slit of
1 mm was installed close to the center of the filament in order to limit the investigated
plasma length. The fluorescence transmitted through the slit was first collimated by an
f = 2.5 mm fused silica lens and then focused by another f = 100 mm fused silica lens
to the incident slit of the same monochromator and PMT (see Figure 4.2).

Spontaneous UV emission from filaments in nitrogen gas

We first examine the spontaneous UV fluorescence emitted by filaments in a pure
nitrogen gas. The fluorescence spectra recorded in the transverse detection geometry
are shown in Figure 4.3(a) for linearly and circularly polarized pump laser pulses. The
emission peaks centered at 315, 337, 357, 380, 405 nm have been previously identified as
due to transitions between various vibronic levels of the triplet C3Πu and B3Πg states of
the neutral N2 molecule, i.e. the second positive band of the N2 molecules [Kartashov 12].
For all these five spectral lines, the signals are ∼ 2 times stronger with circularly polarized
laser than with linear laser polarization, which has been discussed in the previous chapter.

Figure 4.3: Spectra of transverse fluorescence (a) and backward UV emission
(b) obtained with circular and linear laser polarization. The incident laser pulse
energy is 9.3 mJ.

Before discussing the backward emission at 337 nm with circularly polarized laser,
we first examine in more detail the results obtained with linear laser polarization in the
backward direction, a geometry where ASE was reported previously [Luo 03,Owada 13].
In Figure 4.4(a), we present the measured backward 337 nm signal as a function of the
incident laser pulse energy up to 9.3 mJ. We also measured the length and the width of
the plasma channel (defined at 1/e2 level) as a function of laser pulse energy (see Figure
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4.4(b)). With an increase of the laser energy, the filament length increases linearly, in
agreement with a recent observation [Owada 13].

Figure 4.4: (a) Backward 337 nm signal as a function of incident laser pulse
energy. (b) Measured length and width of the plasma filament as a function of
pump laser energy. In both cases the pump laser is linearly polarized.

In Figure 4.5, we plot the 337 nm signal as a function of the filament length, as it
was previously done for identification of ASE [Luo 03, Owada 13]. A weak nonlinear
dependence is observed, which is tentatively fitted with an exponential law. We note that
a more satisfying procedure consists in plotting the signal as a function of plasma volume,
in view of the fact that the filament size increases slightly with pump laser energy (see
Figure 4.4(b)). A plot of the backward signal as a function of plasma volume is best fitted
by a linear dependence, as shown in Figure 4.5. Therefore, we come to the conclusion
that stimulated radiation at 337 nm is not achieved with linearly polarized femtosecond
pulses in our experiments. We also performed measurements at 357 nm and observed a
similar dependence.

Figure 4.5: Backward 337 nm signal as a function of plasma length (black
squares, lower scale) and plasma volume (red circles, upper scale). The curves
are best fitted with an exponential or linear law respectively.
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Stimulated UV emission from filaments in nitrogen gas

We now concentrate on the backward emission at 337 nm obtained with circularly
polarized femtosecond laser pulses. It corresponds to the (0-0) vibronic transition of the
second positive band system of N2 molecule. In Figure 4.3(b), the spectra of the backward
UV emission are shown for circular and linear polarization of the laser. The emission
intensity at 337 nm is now about 10 times larger with circular pump laser polarization than
with linear polarization. Others lines at 315, 357, 380, and 405 nm increase by a factor
of ∼ 1.5, an increase similar to that of the spontaneous fluorescence presented in Figure
4.3(a). The remarkable behavior of the 337 nm signal suggests that backward stimulated
emission is initiated for this particular line with circularly polarized laser pulses.

In Figure 4.6, the backward emission intensity at 337 nm is plotted as a function of
incident laser energy. The 337 nm signal displays a superlinear dependence on incident
laser energy.

Figure 4.6: Measured backward signal at 337 nm as a function of incident laser
pulse energy, for both circular and linear laser polarization.

To get further insight into the distinct pump polarization dependence presented in
Figure 4.6, we measured the backward radiation intensity at 337 nm as a function of the
incident laser ellipticity. In Figure 4.7, the measured signals are presented as a function
of the rotation angle of the quarter-wave plate for different incident laser energies. The
angles φ = 90◦ × m correspond to linearly polarized laser, with m = 0, 1, 2, 3. The
angles φ = 45◦ + 90◦ ×m correspond to circularly polarized laser. For a low pulse energy
of 300 µJ, linearly polarized pulses generate a UV radiation with an intensity twice that
obtained with circular polarization (Figure 4.7(a)). For an increased incident energy of
660 µJ, an octagon-shaped dependence is observed (Figure 4.7(b)), indicating the onset
of a new mechanism for the emission at 337 nm. In the case of Ein = 9.3 mJ, the signal
obtained with circular laser polarization totally dominates and decreases rapidly when the
laser polarization deviates slightly from circular (Figure 4.7(c)). This critical dependence
of the emission signal at 337 nm with laser polarization reinforces the hypothesis that
backward stimulated emission at 337 nm occurs inside the filamentary plasma.
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Figure 4.7: Backward emission signal at 337 nm as a function of the rotation
angle of the quarter-wave plate. The incident laser energy for (a), (b), (c) are
0.3 mJ, 0.6 mJ, and 9.3 mJ, respectively. Angle 0◦ corresponds to linearly
polarized light.
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In order to analyse the polarization of this backward emission, we installed a Glan-
Taylor prism before the detection system. In the experiment, the intensity of the transmit-
ted 337 nm radiation was measured as a function of the rotation angle of the Glan-Taylor
prism. The result for the backward stimulated emission from a filament created with
circularly polarized 9.3 mJ pump laser pulses is presented in Figure 4.8. It indicates that
the 337 nm backward emission is not polarized.

Figure 4.8: Polarization property of the 337 nm backward stimulated emission
from a filament induced with circularly polarized 800 nm laser pulses in nitrogen
gas. The incident laser energy is 9.3 mJ.

Finally, we performed the measurements of the spatial profile of the backward emis-
sion. For this purpose we replaced our detection system with an intensified Charge Couple
Device (iCCD) camera (Prinston Instruments, model: PI-MAX). An interference band-
pass filter (transmission peak: 340 nm, bandwidth: 10 nm) was placed before the iCCD
camera to select the spectrum component around 337 nm. In Figure 4.9, the profiles
of the backward emission captured by the iCCD are presented for both circularly and
linearly polarized pump pulses. A clear highly directional beam profile, with a divergence

Figure 4.9: Profile of the backward emission at 337 nm, captured with the
iCCD camera for (a) circular and (b) linear incident laser polarization. The
opening angle of each panel is 24 mrad × 24 mrad.
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angle of ∼ 10 mrad, can be observed for circularly polarized pump pulses. For linearly
polarized pump pulses, no observable beam can be detected by the iCCD. These spatial
profile measurements agree with the above spectral results where significant stimulated
emission at 337 nm can only be observed with circularly polarized pump pulses.

We also studied the dependence of the backward radiation intensity on the nitrogen
pressure. The results for the pressure range from 200 mbar to 1 bar is presented in Figure
4.10. For a low pressure (around 200 mbar) a similar weak signal is detected for both
linearly and circularly polarized laser pulses. With an increase of the pressure the signal
obtained with circularly polarized laser beam experiences a fast increase, while just a
small enhancement is observed for linear polarization. This also indicates that different
mechanisms are responsible for the emission at 337 nm.

Figure 4.10: Measured backward signal at 337 nm as a function of nitrogen
pressure, for both circular and linear laser polarization.

Discussion of the results

We now discuss possible mechanisms for population inversion between the C3Πu and
B3Πg states of the neutral N2 molecule, at the origin of the backward stimulated radiation.
First, it is worth reminding that a direct population transition between the ground singlet
state X1Σ+

u and the excited triplet C3Π+
u state is forbidden in the electric dipole approx-

imation. One widely discussed mechanism to populate the C3Π+
u state inside filaments in

air is the following reaction [Xu 09]:

N+
2 +N2 +N2 = N+

4 +N2,

N+
4 + e = N2(C

3Π+
u ) +N2(X

1Σ+
g ).

With this mechanism, one expects that a linearly polarized laser produces a stronger
fluorescence signal for two reasons. First, it is known that the ionization rate of atoms
and molecules is higher for linear polarization both in the multiple photon ionization and
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tunneling ionization regime [Kolesik 01]. As a result, the densities of electrons and positive
ions N+

2 are higher in the case of linear laser polarization and should result in a higher
density of N+

2 (C3Π+
u ). Second, the nonlinear refractive index of ambient air n2 is higher

for linearly polarized laser [Kolesik 01]. This results in slightly higher laser intensity inside
filaments, which should again lead to higher densities of electrons and ions. We therefore
assume that this collision-assisted recombination process of the electron on the parent ion
is responsible for the fluorescence of filaments at relatively low laser energy, such as that
of Ein = 300 µJ in Figure 4.7(a), but not to the stimulated emission observed at higher
pump powers.

Another mechanism for the transition from the ground state to the C3Π+
u state is the

electron-molecule inelastic collision:

N2(X
1Σ+

g ) + e = N2(C
3Π+

u ) + e.

This is actually the main reaction responsible for population inversion in a traditional
N2 laser, where the electrons are accelerated to obtain sufficient energy by the discharge
electric field [Kunabenchi 84]. The cross section of the above reaction is sensitive to the
kinetic energy of the incident electron. It is nearly zero for electron energy below the
threshold kinetic energy Eth ∼ 10 eV, exhibits a resonant peak around 14.1 eV, and then
decreases progressively for higher energy electrons [Fons 96]. For electrons born in the
intense laser field inside filaments, the distribution of kinetic energies depends strongly
upon pump laser polarization. With linear polarization, free electrons are accelerated back
and forth along the laser polarization direction at each optical cycle, so that at the end of
the pulse most of them have a low kinetic energy, with a weak tail distribution extending
to a few eV. For circularly polarized light, where electrons are always accelerated away
from the ion core, the final electron distribution is nearly mono-kinetic with a peak at
twice the ponderomotive energy, which has been discussed in the previous chapter.

In the current experiment, we estimated the laser intensity inside the filament by the
method described in the Chapter 2. An Al foil was placed around the middle of the
filament in the case of Ein = 9.3 mJ, in ambient air. After 300 laser shots the transverse
size of the drilled hole became stable and its diameter (d) was measured to be 170 µm.
At the same time, the transmitted laser energy Et was measured to be about 6.6 mJ. The
average laser intensity can be estimated as:

I =
Et

π
(
d
2

)2
τp

= 1.45× 1014 W/cm2,

where τp is the initial laser pulse duration of 50 fs. This corresponds to the electron
energy of 17.3 eV in case of circular laser polarization. Therefore the electron energy
required for impact excitation of neutral N2 molecules is well reached in filaments. For
linearly polarized laser field, this mechanism is turned off because of the low electron
kinetic energy, even with a laser intensity above the clamped value. As a conclusion, we
believe that the inversion of population inside the triplet manifold of N2 is due to impact
excitation by electron collisions. The threshold behavior of the inelastic collision cross
section with respect to electron energy is reflected in the sharp dependence of the lasing
emission with ellipticity [Fons 96].
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Backward emission from filaments in ambient air

For applications of this backward stimulated radiation source for remote sensing, op-
eration in ambient air is required. We therefore performed measurements in atmospheric
air. We first examined the backward UV emission from filaments formed in ambient air
driven by both circularly and linearly polarized laser pulses. Emission spectra similar to
those of Figure 4.3(b) were observed, except that the signal at 337 nm increased only
by a factor 2 for circular laser polarization. In Figure 4.11, the measured backward 337
nm signal is shown as a function of the rotation angle of the quarter-wave plate. The
backward emission intensity at 337 nm as a function of incident laser energy is plotted
in Figure 4.12. The signal is ∼ 2 times higher for circular polarization of the laser pulses
than for linear polarization, indicating the quenching of the backward lasing action.

Figure 4.11: Dependence of the backward 337 nm signal obtained from filaments
in air as a function of the rotation angle of the quarter-wave plate. The incident
laser energy is 9.3 mJ and the focal length is f = 1000 mm.

To further assess the influence of oxygen gas for the lasing action, we measured the
backward 337 nm signal in different mixtures of nitrogen and oxygen. We present in
Figure 4.13 the measured 337 nm signal for both circularly and linearly polarized laser
as a function of the percentage of oxygen. A slow decrease of the signal is observed upon
increasing oxygen concentration up to 10%. Beyond 10% oxygen, the signal shows a rapid
decrease, indicating the termination of significant lasing action. For oxygen concentration
more than 13%, the signal obtained with circular laser polarization becomes ∼ 2 times
larger than that of linear laser polarization, similar to the transverse fluorescence presented
in Figure 4.3(a).

The detrimental influence of oxygen molecule for the conventional discharge-pumped
nitrogen laser is well documented [Kunabenchi 84]. The underlying physical mechanism
is attributed to the collision reaction

N2(C
3Π+

u ) +O2 = N2(X
1Σ+

g ) +O +O,

which efficiently reduces the population density in the upper state of the lasing emis-
sion [Kartashov 12]. This process has a very high rate constant ≈ 3 × 10−10 cm3s−1
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Figure 4.12: Measured backward signal at 337 nm from 800 nm laser-induced
filament in air as a function of incident laser pulse energy, for both circular and
linear laser polarization.

[Pereira 10], which is more than an order of magnitude higher than the rate constants
of quenching in nitrogen-nitrogen collisions and other reactions, like dissociative recom-
bination, three-body recombination, attachment, which would effectively reduce lasing
efficiency [Kossyi 92].

To obtain a significant backward stimulated emission in atmospheric air, a higher
population inversion density (or a higher gain) is required to overcome the quenching
effect of the oxygen molecules. A possible approach to achieve this is to use a pump laser
at longer wavelengths, because the kinetic energy of the produced electrons increases like
Iλ2, where I is the laser intensity and λ its wavelength.

Figure 4.13: Measured backward 337 nm signal from filaments in air as a
function of oxygen gas concentration, for both circular and linear polarized
laser pulses. The incident pulse energy is 9.3 mJ.
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4.3 Externally seeded backward lasing radiation from

femtosecond laser filaments

In the further study of the backward ASE, we upgraded the experimental setup to
the “pump-probe” scheme, where the counterpropagating probe beam served as a seed. A
∼ 16 times enhancement of the backward ASE is observed, when the external seeding pulse
around 337 nm is launched in the backward direction. At the same time, the divergence
angle of the seeded lasing is found to be significantly reduced compared to that of the ASE.
Moreover, the seeded lasing radiation inherits the polarization property of the seed pulse.
These three observations confirm unambiguously the assumption of population inversion
between the relevant nitrogen molecular states. The critical role of pump laser ellipticity
is also observed in this seeded backward lasing scheme, which supports the hypothesis
that inelastic collision between the energetic electrons with neutral nitrogen molecules is
at the origin of population inversion.

Experimental setup

The scheme of the experimental setup is presented in Figure 4.14. The output laser
pulse was split into a main pump pulse and a much weaker second pulse by a 1-mm-thick
5%/95% beam-splitter. The pump pulse passed through a quarter-wave plate and then
was focused by an f = 1000 mm convex lens. A dichromatic mirror was used to reflect
the focused 800 nm pump pulses into a gas chamber filled with pure nitrogen gas at 1 bar
pressure. This dichromatic mirror reflects more than 99% of the 800 nm pump pulse and
it is transparent to the backward UV emission from the laser plasma situated inside the
gas chamber. The second weaker 800 nm pulse first passed through a mechanical delay
line and then through a 1-mm-thick type-I BBO crystal in order to generate femtosecond
pulses at 400 nm. The 400 nm pulses was linearly polarized in the vertical direction. The
obtained 400 nm pulse was further focused by an f = 200 mm convex lens (L2) inside a 20-
mm-long fused silica sample to broaden its spectrum through intense nonlinear interaction.

Figure 4.14: Scheme of the experimental setup.

53



4.3. EXTERNALLY SEEDED BACKWARD LASING RADIATION FROM FILAMENTS

We selected the spectrum component around 337 nm with an interference bandpass filter,
which has a transmission peak at 340 nm and a bandwidth of 10 nm. The resulting pulse
centered at 340 nm, referred to as seeding pulse in the following, was focused by another
f = 100 mm lens into the gas chamber from the opposite direction of the pump pulses.
The separation between the lenses L2 and L3 was adjusted to insure that the geometrical
focus of the seeding pulse overlapped with the central part of the long plasma filament
in the longitudinal direction. The transverse spatial overlapping between the geometrical
focus of the seeding pulse and the center of the plasma filament was carefully assured by
translating finely the focal lens (L3) in the transverse plane. The temporal delay between
the 800 nm pump pulses and the seeding pulse at 337 nm could be adjusted by the
mechanical delay line. For some of our experiments, we installed a quarter-wave plate for
400 nm radiation after the BBO crystal, so that a circularly polarized seeding pulse could
be obtained after filamentation inside the fused silica sample. The backward emission
from the laser plasma filaments was detected by either a spectrometer (Ocean Optics
HR 4000), an intensified Charge Coupled Device (iCCD) camera (Princeton Instruments,
model: PI-MAX), or a calibrated photodiode.

Experimental results

We first measured the spectra of the backward emission from the laser plasma with
and without the seeding pulses, for both circularly and linearly polarized pump lasers.
The results are presented in Figure 4.15. In the case of circularly polarized pump pulses,
a sharp radiation peak at 337 nm can be observed even without external seed pulse, which
is referred to as a backward ASE (see Figure 4.3(b)). With the external seed pulse, an
enhancement of the peak by a factor of ∼ 16 is found (Figure 4.15 (a)). Considering the
intensity of the seed pulse at the 337 nm spectral position, we estimated that the seed pulse
is amplified by a factor of 2.5 × 105/2000 = 125 times. In the case of linearly polarized
pump pulses (Figure 4.15(b)), no detectable ASE was observed and no amplification of

Figure 4.15: Spectra of the backward stimulated emission with circularly (a)
and linearly (b) polarized pump pulsed at 800 nm. The spectra of the seed
pulses and those of the backward emission from just the pump pulses are also
presented for comparison.
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the seed pulse could be observed. These observations confirm our previous conclusion that
population inversion responsible for the stimulated 337 nm radiation is only established
with circularly polarized pump pulses.

We then studied the polarization property of this seeding effect by injecting linearly
and circularly polarized seeding pulses inside the plasma filament. To analyse the po-
larization properties of the lasing radiation, we installed a Glan-Taylor prism before the
detecting photodiode. In the experiment, we recorded the intensity of the transmitted
337 nm radiation as a function of the rotation angle of the Glan-Taylor prism. The result
for the ASE obtained without seeding pulse is first presented in Figure 4.16(a), indicating
that the ASE is not polarized. For linearly polarized seed pulses in the vertical direction,
we observed that the amplified lasing signal is also linearly polarized in the same direc-
tion (see Figure 4.16(b)), evidenced by the good agreement between the experimental
results and the theoretical fit with Malus’ law. The result for circularly polarized seeding
pulses is presented in Figure 4.16(c), where a circularly polarized amplified emission is
also observed. The maintenance of the pulse polarization during the amplification is in
agreement with our hypothesis that population inversion is present and responsible for
the seeding pulse amplification.

Figure 4.16: Polarization properties of the ASE (a), the seeded backward stim-
ulated emission with linearly (b) and circularly (c) polarized seed pulses at 337
nm. The dots present the experimental results and the dashed lines denote the
theoretical fitting.

Next, we measured the spatial profile of the ASE and the seeded lasing emission with
the iCCD camera. In Figure 4.17(a), the measured spatial profile of the backward emission
without seeding pulse is shown for circularly pump pulses of 800 nm. The ASE exhibits
a Gaussian distribution with a divergence of 9.2 mrad (Figure 4.17(a)). We present the
spatial profile of the seeding pulse in Figure 4.17(b). This weak pulse exhibits a divergence
around 20 mrad in our experiments. In the presence of both pump and seeding pulse,
an extremely intense 337 nm radiation was found, as presented in Figure 4.17(c). This
amplified stimulated emission shows a divergence angle of ∼ 3.8 mrad, much smaller than
that of the ASE and the seeding pulse.

We have also measured the laser energy of the seeded backward radiation with a
sensitive laser energy meter (model: OPHIR, NOVA, PE9-C). The energy of seeded lasing
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Figure 4.17: Spatial profile of the backward ASE (a), the seed pulse (b), and
the seeded stimulated radiation (c). The opening angle of each panel is 24 mrad
× 24 mrad.

pulses was measured to be around 5.0 nJ, corresponding to an energy conversion efficiency
of 5.1×10−7 from 9.8 mJ pump pulses. Therefore, the pulse energy of the ASE was deduced
to be 310 pJ with a conversion efficiency of 3.2× 10−8.

All the above experimental observations highlight the crucial role of pump laser polar-
ization. To evaluate that, we measured systematically the seeded lasing emission intensity
by rotating the quarter-wave plate for the pump pulses. In Figure 4.18(a), the result for
the ASE without seeding pulse is first presented as a function of the rotation angle φ of the
waveplate, which has been reported in the previous paragraph. Intense ASE was observed
only with circularly polarized pump pulses and shows dramatic decrease when the ellip-
ticity deviates from ε = 1. In the presence of a constant linearly polarized seeding pulse,

Figure 4.18: Dependence of the backward ASE (a) and the seeded backward
stimulated radiation (b) as a function of the rotation angle of the quarter-wave
plate.
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a similar dependence on laser ellipticity was observed (Figure 4.18(b)). This confirms
that population inversion between the C3Πu and B3Πg states can be only achieved with
circularly polarized pump pulses. The slight asymmetry and the deviation of the peaks
from φ = 135◦ and φ = 315◦ can be due to the fact that the circularly polarized pump
pulses reflect on the dielectric dichromatic mirror in this experiment. This mirror has
slight different reflectivity for p− and s− polarized light and thus results in a non-perfect
circularly polarized pump pulses after reflection.

4.4 Conclusion

In summary, we have shown that a strong stimulated radiation at 337 nm can be
achieved in the backward direction from plasma filaments in an atmospheric-pressure
nitrogen gas pumped by circularly polarized laser pulses at 800 nm. Existence of the
stimulated radiation is confirmed by the distinct dependence of the backward ultraviolet
spectrum on the incident laser polarization and intensity, by the observed beam profile
and the polarization property of the emission. However, in ambient air, the presence of
oxygen molecules suppresses the lasing action to a large extend.

We have obtained a further enhancement of the backward radiation intensity by a
factor of ∼ 16 by injecting a seeding pulse in the opposite direction of the pump pulse.
The amplified lasing radiation inherits the polarization property of the seeding pulse and
its divergence angle was found to be around 3.8 mrad, 3 times less than that of the
backward ASE. The critical role of pump laser polarization was also observed in the
seeded lasing regime, where intense lasing effect was only possible for circularly polarized
pump pulses.

We attribute the mechanism responsible for the population inversion to inelastic col-
lisions between electrons liberated by the pump laser and neutral nitrogen molecules, a
process which is more efficient with circularly polarized laser pulses. We believe that this
simple scheme for backward stimulated emission from nitrogen gas pumped by the widely
available 800 nm femtosecond laser pulse is a significant step towards applications for
remote sensing.
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Chapter 5

Terahertz radiation from
femtosecond laser filaments

5.1 Terahertz radiation

Terahertz band

The part of electromagnetic spectrum between the microwave (MW) and infrared (IR)
frequencies is named the terahertz (THz) band. As commonly defined, THz range spans
from 0.1 THz to 10 THz.

Figure 5.1: The terahertz band in the electromagnetic spectrum.

Until the mid 1970s the study of electromagnetic spectrum (Figure 5.1) was divided
into two broad parts. The radio and microwave frequencies (≤ 100 GHz) were accessed
by electronics, while infrared radiation and above (with frequency higher than ∼ 10 THz)
were a subject of photonics. A large frequency range between the MW and IR has been
hardly accessible, because there were neither suitable emitters for sending out controlled
THz signal nor efficient sensors to detect it. As a result, this part of the electromag-
netic spectrum was called the THz gap. In last 30-35 years, advances in the electronics
and photonics fields have provided new materials and devices that made the THz gap
accessible.
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In different times THz radiation has been involved and studied in different fields of
physics, it has found huge variety of applications. Through this it is also called submil-
limeter radiation, THz waves, terawaves, THz, T-rays, T-light, T-waves, etc. Typical
values of the THz radiation is presented in Table 5.1.

Table 5.1: Typical values of the Terahertz band.

Frequency: 1011 Hz < ν < 1013 Hz 1 THz

Period: 0.1 ps < T < 10 ps 1 ps

Wavenumber: 3 cm−1 < k < 300 cm−1 33 cm−1

Wavelength: 30 µm < λ < 3 mm 300 µm

Photon energy: 0.4 meV < W < 40 meV 4 meV

The THz band is an area of convergence between the fields of electronics and photonics.
The fields are significantly different in the theoretical framework and technical approach.
Thus the THz band is a fruitful area for interesting hybrid systems. The main features of
THz radiation are as follows:

• Safety. Energy of a photon with a THz frequency is on the order of meV, which
is a thousand times less than that of a photon at 800 nm. At such energy level
excitation of the media is mainly occurs on rotational levels and vibrational levels.
It is almost impossible to ionize a media with current THz sources, even in solid
state. As a result, THz radiation is safe for both the sample and the operator; this
is an advantage versus X-Rays. Due to strong water absorption, THz waves cannot
penetrate into the human body like microwaves can. Therefore, even if a very strong
THz wave can possibly cause any harm, it is limited to skin level.

• Transparency of non-polar and non-conducting materials to THz waves.
The wavelength of THz radiation is longer than that of visible and IR range. Thus,
THz waves are less affected by Mie scattering. THz radiation can pass through
most dry dielectric materials, such as cloth, paper, wood, plastic, ceramics, etc.
Thus, the THz radiation is considered very promising in nondestructive evaluation
applications.

• Molecular fingerprints reveal in the THz range. Many molecules, especially
organic ones, exhibit strong absorption and dispersion within the THz range due to
dipole-allowed rotational and vibrational transitions. These transitions are specific
to the molecule and therefore enable spectroscopic fingerprinting in the THz range.
Both the profile and composition information of the target can be provided by THz
imaging techniques.
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• High resolution of THz imaging. Because the wavelength of THz radiation is in
the range of tens µm to mm, THz images of macroscopic samples provide detailed
and localized data. This is an advantage compared to microwaves. Spatial resolution
of ∼ 10 nm can be achieved using near-field techniques.

• Absorption by atmospheric water. THz radiation has limited penetration
through fog and clouds and cannot penetrate liquid water or metal. The Earth’s
atmosphere is a strong absorber of THz radiation in specific water vapor absorption
bands. However, at distances up to 10 meters the THz band still allows many use-
ful applications in imaging and construction of high bandwidth wireless networking
systems, especially indoor systems.

Brief history

THz radiation has received much attention in last 20 years. Although a great number of
publications on generation, detection and various applications appeared recently, research
in the THz (or far-infrared) region has a long history [Kimmitt 03].

The first THz sources used glowing objects where the black-body radiation of a heated
object emits at THz wavelengths. First experiments on the radiation in the far-IR domain
have begun at the end of XIX century. In 1893 Rubens and Snow measured spectra
of several minerals in the far-IR region which was described as the “great wavelength”
range [Rubens 93]. In 1897 Nichols discovered the “Residual ray” - a wave radiated at
9 µm, reflected from a crystalline quartz [Nichols 97]. This is now known to be due to
lattice vibrations. In the following 20 years more than 100 papers on far-IR research were
published. In 1911 Rubens and Baeyer showed that the quartz mercury lamp is able to
emit long-wavelength radiation (210 µm and 324 µm) [Rubens 11]. In the THz region it
has an equivalent black-body temperature of over 4000 K and is still the preferred source
in grating spectrometers. At the same time Wood had made the first blazed diffraction
grating which allowed the concentration of light into a single order with efficiencies of over
75% for the first order even beyond 100 µm (3 THz) [Wood 10]. Nowadays such blazed
gratings are employed in monochromators and tunable lasers.

In 1920s joining of far-IR and microwave ranges has happened: Nichols and Tear
obtained wavelengths down to 220 µm using a Hertzian oscillator [Nichols 23]; in 1924
Glagolewa-Arkadiewa showed that a submillimeter radiation of about 90 µm could be
generated by exciting small Hertzian oscillators in the form of brass filings immersed in
oil [Arkadiewa 24]. In 1930s a number of papers on applications of far-IR region began
to increase, with a particular emphasis on absorption bands in gases. In the mid 1930s a
complete spectrum of water vapour absorption was presented [Barnes 35,Randall 37].

At that time most usual detector was the bolometer, invented by Langley in 1880
[Langley 81], while a mercury arc or some heated material such as gas mantle were used
as a source. Two important inventions were made in the mid 1940s: in 1947 Marcel
Golay has presented the pneumatic IR detector (‘Golay cell’) [Golay 47]; the first cooled
bolometer was also invented in the mid 1940s [Andrews 46].
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Harmonic generation from a microwave source (klystron) began in the mid 1940s. The
far-IR spectra of Oxygen has been measured [Berlinger 46]. This technique was developed
by the group of Gordy in 1950s, they reached the frequencies above 300 GHz [Burrus 54].
First backward wave oscillator (BWO) or carcinotron was demonstrated at the same
period, it achieved mW power level at 1 THz [Kompfner 53].

The late 1950s and 1960s have been fruitful for mm and sub-mm wave research, with
over 1000 publications on this field. The detectors were largely improved: pyroelec-
tric detectors, new bolometers (Carbon, [Boyle 59], n-InSb electron [Putley 60], Germa-
nium [Low 61])), the Ge:Ga photoconductor [Moore 65], a Josephson effect-based detec-
tor [Grimes 68]. Dispersive Fourier-Transform Spectroscopy (DFTS) was demonstrated
for the first time in 1963 [Chamberlain 63] which allowed to obtain optical coefficients of
solids, liquids and gases. But, of course, the main discovery was the laser. It led to the
water vapour laser, the first high-power far-IR device, in 1964 [Crocker 64]. Also in this
decade the Time Domain Spectroscopy (TDS) has been demonstrated for the first time
in the THz regime [Nicolson 68].

In 1970s the group of Shen [Yang 71] and Auston [Auston 73] reported the far-IR
generation by electro-optical rectification (EOR) [Bass 62] of a picosecond laser pulse in
the nonlinear crystal (LiNbO3, ZnTe). However, this advances had a limited impact since
it was still very difficult to detect the radiation. In the mid 1980s Auston has developed
the technique of coherent detection of THz waves based on the Pockels effect [Auston 84,
Auston 88, Nahata 96]. Probably, this method is the most commonly used nowadays for
broadband THz generation and detection. Another highly widespread method is the use
of photoconductor (PC) antennas [Fattinger 88,Fattinger 89,Smith 88]. At the same time
new powerful sources for THz radiation have appeared: the gyrotron [Flyagin 77], the free
electron laser [Elias 84], the quantum cascade laser [Faist 94,Faist 04]. In 1990s Hamster
and co-workers demonstrated the coherent THz radiation from plasma in air induced
by laser pulses [Hamster 93, Hamster 94]. Such plasma THz sources allows performing
experiments with a simple ultra-short pulsed lasers, widely available today.

In 1980s and 1990s a large amount of new applications of the THz radiation have been
discovered. This gave rise to a huge interest to the THz science and technology. Annual
number of papers on the subject experiences an impressive growth (see Figure 5.2); new
techniques, methods and fundamental findings appear regularly.

Applications of Terahertz radiation

An incredible number of applications of THz waves have been proposed up today
[Tonouchi 07, Ferguson 02, Dragomar 04, Zhang 10]. The THz band has been studied al-
ready for a long time in astronomy and analytical science [Fazio 79, Kulesa 11]. Recent
technological innovations in photonics, electronics and nanotechnology have allowed ap-
plication of THz research in a variety of different areas. The THz spectroscopy is ideally
suited for the identification of biological or complex inorganic molecules [Zhong 06], the
study of collective excitations in condensed media [Hangyo 05, Kampfrath 11, Suzuki 12]
and for plasma diagnostics [Jamison 03]. Applications of THz radiation range from biology
and medicine [Fitzgerald 02,Siegel 04,Pickwell 06,Yu 12], to security concerns [Liu 07a],
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telecommunication [Federici 10] and earth sciences [Waters 06]. THz waves provide a
useful diagnostic tool for quality control [Hu 95], restoration of objects of cultural her-
itage [Jackson 08,Fillippidis 12], food industry process control [Lee 12], etc.

Impressive progress has been achieved in the last few years in the development of in-
tense THz sources. Optical rectification of a short laser pulse in a nonlinear crystal yields
THz sources with field amplitude reaching the MV/cm level [Hirori 11, Iwaszczuk 12].
Even the 100 MV/cm level has been obtained via difference-frequency mixing of two
parametrically amplified pulse trains from a single white-light seed [Sell 08]. Matsubara,
et al. reported the two-color mixing of a hollow-fiber compressed 10 fs laser pulses to
provide an ultra-broadband radiation ranging from far-IR to 200 THz [Matsubara 12].
Unfortunately, many applications that require illumination of a distant target are ham-
pered by the poor transmission of THz radiation through atmosphere, due to the strong
attenuation posed by water vapor. Therefore the propagation of a locally created THz
wave to a remote target is difficult. To overcome this drawback the laser plasma can be
used as a source of THz radiation. Such plasma can be created far from the laser itself,
and thus avoid the THz absorption by water vapor in air.

Figure 5.2: Number of publications in a given year in the field of THz radiation.
The numbers are taken from ISI Web of Science, using General Search in the
SCI-EXPANDED database with the title query ‘thz OR terahertz OR ‘far
infrared’ OR ‘submillimetre wave*’ (the same manner as in [Reimann 07]) on
26 May 2014. This query yields neither all the publications on this subject nor
all the publications returned deal exactly with THz radiation. However, the
general trend should not be influenced by this.
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5.2 Generation of THz radiation by laser-induced

plasma in air

In last 20 years, a new class of THz emitters based on laser-generated plasmas has
begun to develop. The basic principle is to focus a short high-energy laser pulse in a
gaseous medium. If the optical field strength is high enough to ionize the medium a plasma
will be formed in the focal region. If we then manage to obtain a net polarization within
the plasma, the time-dependent macroscopic dipole-moment will lead to the emission of
THz radiation. Such THz sources can be positioned far away from the laser system (and
the operator), thereby avoiding the absorption of the THz field by water vapor during
propagation in ambient air, a highly desired feature for applications. At the same time,
high-energy laser pulses can be employed for THz generation without damage to the
emitter, which is impossible with the traditional techniques.

The THz radiation from plasma in air induced by laser pulses was first demonstrated
by Hamster and co-workers about 20 years ago [Hamster 93, Hamster 94]. Laser pulses
with energy of 50 mJ and duration of 120 fs was tightly focused in a noble gas (helium or
argon). With low pressure a strong emission of pulsed radiation at THz frequencies was
observed from the resulting plasmas. The mechanism of the THz emission was attributed
to the polarization produced by the free electrons accelerated by the ponderomotive force,
which is caused by a spatio-temporal optical intensity gradient in the plasma with the
propagation of the laser pulses.

It was later demonstrated by Löffler, et al. that this THz emission from plasma
can be enhanced significantly if the static electric field is applied around the plasma
area [Löffler 00]. THz generation was associated with ultrafast screening of the external
field within the plasma, so the corresponding displacement current is the source of the
induced net polarization. The energy of the resultant THz emission scales quadratically
with the external biased field. However, the maximum of the THz emission is limited by
the maximal external bias field which can be applied without dielectric breakdown of the
gas. It was later demonstrated that the breakdown field, and thus the maximal energy of
the THz emission, can be enhanced with an increase of the gas pressure [Löffler 02].

At the same time, Cook, et al. reported that with tight focusing of IR laser pulses
(800 nm) together with its second harmonic (400 nm) the resulting THz emission is much
stronger than that in the case of only IR laser pulses [Cook 00]. The THz wave emission
mechanism was attributed to the four-wave mixing (FWM) nonlinear optical process
(ω+ω−2ω) in ionized air plasmas produced by the laser fields themselves. However, it was
soon noticed that the third order nonlinearity χ(3) of gas medium is too small to explain
the measured THz field strength [Kress 04, Bartel 05]. Xie, et al. presented a THz field
amplitude scaling result (ETHz ∝ χ(3)E2ωEωEω) supporting the FWM as the principal
mechanism for THz generation. However, in that study, the THz scaling was studied over
a limited pump energy range, and the origin of χ(3) in air remains unclear. Soon after, a
transient electron current model was proposed by Kim, et al. [Kim 07, Kim 08, Kim 09].
In this model, bound electrons of gas-phase atoms or molecules undergo rapid tunnel
ionization as the Coulomb barrier is suppressed by the instantaneous laser field. The
electrons, freed from their parent atoms or molecules by the mixed laser field, can form
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a directional transverse current. As this electrical current surge occurs on the time scale
of photoionization, in the case of ultrafast lasers (< 100 fs), this process can generate
electromagnetic radiation at THz frequencies. Although, the physical mechanism remains
under debate, the THz generation by the two-color method receives much attention. For
a short plasma string in the laboratory, the THz produced in this way was found to
be 102–103 times larger than with a single-color pulse [Löffler 05, Xie 06, Manceau 10,
Li 12]. Recently, two groups reported bicolor THz generation at a distance of 16–17
m, with an enhancement by two orders of magnitude with respect to the single-color
case [Wang 10,Dai 11]. However, there are difficulties with the production of THz radiation
by this method at longer distances [Daigle 12]. The difficulties are tied to the process
of filamentation, which appears unavoidably when P > Pcr and generates an extended
plasma column. In order to produce THz radiation efficiently, proper phase relation
and temporal overlap between the ω and 2ω pulses must be maintained over the plasma
length [Liu 09,Daigle 12,You 12]. For instance, the THz emission produced by this two-
color method at a distance of 55 m was only a small fraction of that at shorter distance,
due to walk-off between fundamental and second harmonic pulses [Daigle 12].

THz radiation from femtosecond laser filaments

In 1999, Schillinger and Sauerbrey proved the existence of a plasma during the filamen-
tation, which plays a crucial role in the interplay of diffraction and self-focusing, leading
to the formation of long stable channels [Schillinger 99]. The free-electron density inside
the filamentary plasma was measured to be of 1016 cm−3 [Tzortzakis 99] in agreement
with the numerical calculations [Chiron 99, Couairon 02b]. The corresponding plasma
frequency is around 1 THz. An electric current induced inside the filamentary plasma
should thus give rise to the radiation in the THz range.

In 2000, Proulx, et al. observed in the near field (several mm from the plasma) a
sub-picosecond emission in the direction perpendicular to the filament propagation. The
spectrum of the emission lies in the sub-THz domain [Proulx 00]. Next year, Cheng, et
al. proposed that the plasma column should emit radial THz radiation due to the plasma
oscillations induced by the pulse radiation pressure and that the emission is coherent
[Cheng 01]. This prediction was experimentally verified in next two years [Tzortzakis 02,
Méchain 03]. However, according to Sprangle, et al., the THz emission is due to some
components of the pulse ionization front, which have superluminal velocities and give
rise to Cherenkov-like radiation [Sprangle 04], the THz emission was also expected to be
coherent in this case. In addition to the predicted temporal coherence, D’Amico, et al.
demonstrated that the radially emitted THz radiation from the filament exhibits good
spatial coherence properties [D’Amico 07b].

In 2007 D’Amico, et al. demonstrated experimentally that the nature of the THz
emission is different from the previously expected. Instead of being emitted radially,
the THz radiation is confined to a narrow cone in the forward direction [D’Amico 07c]
(see Figure 5.3 for the scheme of the experiment). This forward conical emission was
found to be more than two orders of magnitude higher that the radial one. Moreover,
the polarization of the THz signal is found to be perpendicular to the emission cone
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Figure 5.3: Scheme of the experiment demonstrating conical forward THz emis-
sion from femtosecond laser filament in air, [D’Amico 07c].

surface and does not depend on the polarization of the laser pulses. Therefore, the THz
emission cannot be assigned to a mechanism implying the oscillation of a free electron
cloud driven by the linearly polarized electric field of the laser, since one would expect
the electric vector of the THz radiation to depend on the laser polarization. One can
therefore exclude the mechanism based on the optical rectification via a four-wave or
higher order mixing process. The origin of the THz radiation was attributed to a combined
“transition-Cherenkov” emission by a dipole-like electric charge oriented along the laser
propagation axis, and moving at the light velocity behind the self-guided laser pulse in the
medium. This dipole-like charge separation is created by the longitudinal ponderomotive
force behind the ionization front during filamentation process. The detailed theoretical
model was presented next year [D’Amico 08a].

Unfortunately, this technique has poor energy conversion efficiency from IR to THz, on
the order of 10−9 per filament [Houard 07]. However, the THz output can be increased by
increasing the number of filaments. With a laser pulse of peak power P � Pcr, N parallel
filaments are formed, where N ∼ P/Pcr, adding their emission incoherently. For instance,
a laser with terawatt power led to a THz radiation at 30 m from the laser with 40 times
higher power than with a 12 gigawatt laser [D’Amico 07c]. Note that there is no obvious
limit to the further scaling up in laser power since there is no optical element susceptible of
being damaged in the path of the laser. Recently, we have shown that it is possible to add
coherently the THz emission from multiple filaments, leading to an increase of the radiated
THz energy scaling like N2, where N is the number of filaments [Mitryukovskiy 13].
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5.3 Transition-Cherenkov Terahertz emission from a

filament

5.3.1 Physical principle

In 2007 our group experimentally demonstrated that femtosecond laser filaments
emit THz radiation to a narrow cone in the forward direction of laser propagation
axis [D’Amico 07c]. This is attributed to so-called “transition-Cherenkov” mechanism
[D’Amico 07c,D’Amico 08b]. The longitudinal plasma oscillations created inside the fila-
ment are considered to be the source of the THz radiation, since the oscillation frequency
is equal to the plasma frequency. For an electron density typically obtained in filaments
ne = 1016 cm−3, the plasma frequency lies in the THz region. Sprangle, et al. highlighted
the main role of the ponderomotive force in the THz emission by plasma strings [Spran-
gle 04].

Figure 5.4: Scheme of the electric charge separation induced by the pondero-
motive force in the wake of the laser pulse, [D’Amico 07a].

During the initial stage of filamentation, the field-induced increase of refractive index
leads to beam self-focusing. The pulse peak intensity increases until it induces high
field ionization of air molecules. Beyond the ionization onset, a dynamic competition
takes place that maintains a contracted pulse with intensity close to the multi-photon
ionization threshold. Therefore a plasma string is left behind the moving pulse. The
interaction between free electrons born near the peak of the ionization front with the
remaining of the pulse leaves the plasma in an excited state of oscillations [Proulx 00].
Transverse electron oscillations induced by the transverse component of the laser field are
predominant. However, for a pulse of many optical cycles (τp > 10 fs at 800 nm), the net
radial current is zero, so that no THz emission results. There is also a small longitudinal
oscillation due to the Lorentz force. This longitudinal oscillation is damped quickly by
collisions with neutral molecules, so that the duration of the plasma oscillation and the
corresponding THz pulse duration are on the order of a few picoseconds, which corresponds
to one or two oscillations. We have, therefore, a very short plasma wave (∼ 1 mm) created
continuously in the wake of the ionization front, propagating with it at a speed of the
laser pulse inside the filament. The electric charge of the plasma rests neutral as a whole,
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but the space charge in the wake of the pulse is equivalent to a dipole propagating with a
group velocity vg along the laser pulse propagation direction (see Figure 5.4). This type of
an electromagnetic emission from a charged particle propagating with a constant velocity
vp > c/n (there n is the refractive index of the medium) is called Cherenkov radiation. It
is localised on the surface of a cone, oriented in the propagation direction. The emission is
polarized radially, perpendicularly to the cone surface. The radiation is emitted with an
angle θ to the propagation direction, defined by the relation cos θ = 1/nβ, where β = vp/c.

Note, that there is a difference between this mechanism of THz radiation from a
filament and the common Cherenkov emission. The THz emitting charges are moving with
the laser pulse at the velocity very close to the velocity of light. This reduces the emission
efficiency, but does not suppress it completely, if one takes into account the finite length
of the emission. In that sense it resembles transition radiation [Takahashi 00]. Therefore,
the discussed mechanism of THz emission from filaments was named transition-Cherenkov
radiation [Houard 08a].

5.3.2 Theoretical model

The theoretical development of the model for the transition-Cherenkov THz radiation
from a filament can be split into two parts: first, we will calculate the plasma current
inside the filament which leads to the THz radiation; second, the THz field induced by
this current will be calculated for the far field. Polarization components of the THz field
will also be defined. The basis of this theoretical model was developed in collaboration
with Prof. Vladimir TIkhonchuk of CELIA, Bordeaux 1 University [Le Bloas 07,Diaw 08].

In the calculations we consider a filament produced in air by femtosecond laser pulses
focused by a convex lens. The laser pulse intensity is clamped inside the filament to a
value I0. The duration of the laser pulse is assumed to be constant and equals τL. The
plasma channel is of a length L and of a diameter 2r0 ∼ 100 µm. The laser polarization
was found to have no effect on the THz emission, one can therefore consider the system
to be symmetric around the laser pulse propagation axis (z-axis, see Figure 5.5).

We use the following basic ideas to model the mechanism of the THz emission:

• The electrons and the ions created during the ionization experience the influence of
the electromagnetic field of the laser pulse: the electrons oscillate in the direction
transversal to the laser pulse propagation with an oscillation frequency equal to the
laser frequency. At the the same time the electrons acquire a longitudinal movement,
one can consider this longitudinal oscillations due to the action of the longitudinal
component of the Lorentz force.

• The electrons being much more mobile than the ions, thus a charge separation
is induced, giving birth to an electric field which opposes the movement of the
electrons.

• The longitudinal oscillation of the electrons can be modeled by an electric current
that emits electromagnetic radiation.
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Figure 5.5: Schematic orientation of the filament and the coordinate axes.

Expression of the laser force Fz

The excitation of an electric field in the wake of a filament-forming laser pulse was
described by Sprangle, et al. [Sprangle 04]. The authors presented the equations for
dynamics of the electric field of the charge separation induced by the ponderomotive force
inside the plasma. An expression for what we name ‘laser force’ was obtained. However,
no detailed derivation has been presented. Here we will obtain the expression for the laser
force driving an electron inside the plasma.

The movement of an electron in the field of the laser pulse is described by the hydro-
dynamic equation:

∂~ve
∂t

+ (~ve · ~∇)~ve = − e

me

( ~EL + η~ve × ~BL)− νe~ve, (5.1)

where e and me are the charge and the mass of the electron, and νe is the electron collision
frequency. The parameter η is included to keep track of orders of perturbation theory and
reflects the fact that the velocity-dependent component of the Lorentz force is of the order
|~ve|/c� 1 smaller than the dominant force due to the electric field. Here we also assume
that ions inside plasma are heavy and remain stationary.

Let us develop the calculation by using a perturbation solution: ~ve = ε~v0 + ε2~v1. By
taking the terms of the first two orders (∼ ε and ∼ ε2) one obtains:

ε :
∂~v0
∂t

= − e

me

~EL − νe~v0, (5.2a)

ε2 :
∂~v1
∂t

= −~v0 · ~∇~v0 −
e

me

(~v0 × ~BL)− νe~v1. (5.2b)

One can formally solve (5.2a) by using the Laplace transform:

pv̂0 = − e

me

ÊL − νev̂0, (5.3)

and then:

v̂0 = − e

me

ÊL
p+ νe

. (5.4)
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EL and BL are bound by the Maxwell’s equation ~∇× ~E = −∂ ~B/∂t. By taking a curl of
the equation (5.4), one obtains:

~∇× v̂0 = − e

me

~∇× ÊL
p+ νe

=
e

me

p

p+ νe
B̂L, (5.5)

and finally

B̂L =
me

e
(1 +

νe
p

)~∇× v̂0. (5.6)

By taking the inverse Laplace transform, one obtains the expression for ~BL:

~BL =
me

e

(
~∇× ~v0 + νe

∫ ∞
−∞

(~∇× ~v0)dt
)
. (5.7)

The substitution of ~BL in the equation (5.2b) by the expression (5.7) yields:

∂~v1
∂t

+ νe~v1 = −~v0 · ~∇~v0 − ~v0 × (~∇× ~v0)− νe~v0
∫ ∞
−∞

(~∇× ~v0)dt =

= −1

2
~∇~v20 − νe~v0

∫ ∞
−∞

(~∇× ~v0)dt.
(5.8)

Let us now consider the x-polarized laser pulse in the form of a slowly varying wave
packet multiplied by a rapidly oscillating term: ~EL = (Ex(t

′) sin(ω0t
′); 0; 0), where t′ =

t− z/c is the retarded time. We thus have a system of two equations to solve:
∂v0x
∂t′

+ νev0x = − e

me

Ex(t
′) sin(ω0t

′),

∂v1z
∂t′

+ νev1z =
1

2c

(
2νe +

∂

∂t′

)
v20x.

(5.9)

Integration of the first equation of (5.9) gives:

v0x = − e

me

e−νet
′
∫ ∞
−∞

Ex(t
′)eνet

′
sin(ω0t

′)dt ≈

≈ − e

me

E(t′)
ν0 sin(ω0t

′)− ω0 cos(ω0t
′)

ν2e + ω2
0

,

(5.10)

as soon as the wave packet varies slowly in time.
Finally, retaining only the slowly varying terms in v20x, one obtains:

v20x =
e2

2m2
e

E2(t′)

(ν2e + ω2
0)

=
e2

2m2
ecε0

I

(ν2e + ω2
0)
. (5.11)

Therefore, the second equation of the system (5.9) turns to:

∂v1z
∂t

+ νev1z =
e2

4c2m2
eε0

1

(ν2e + ω2
0)

[
∂I

∂t′
+ 2νeI

]
. (5.12)
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Thus, the expression of the laser force reads:

Fz =
e2

4c2meε0(ν2e + ω2
0)

[
∂I

∂t′
+ 2νeI

]
. (5.13)

Note that it consists of two terms: the first one involving the laser intensity gradient
is associated with the ponderomotive force, the second is proportional to the collision
frequency and corresponds to the radiation pressure. One can write the second term of
the expression (5.13) in the following form:

Fz =
h̄ω0

c

I

h̄ω0

e2ω0ν/c

2meω0ε0

1

(ν2e + ω2
0)

= pNσ, (5.14)

where p is the impulse of a photon, N is the number of photons and σ is the
Bremsstrahlung cross section.

Calculation of the ‘wake’ current inside a filament

The movement of the electrons inside the filamentary plasma is defined by the follow-
ing equations of hydrodynamics (In further text we omit the arrow labels of the vector
quantities to simplify the view of the formulae). For the electrons with the density ne
moving along the z-axis with the speed ve:

∂ne
∂t

+
∂neve
∂z

= 0,

∂ve
∂t

+ ve
∂ve
∂z

= − e

me

E +
Fz
me

− νeve,

ε0
∂E

∂z
= e(ni − ne),

(5.15)

where ni is the density of the ions, E is the electric field induced by the charge separation,
νe is the collision frequency and F is the laser force.

The ‘wake’ current may be defined as:

j = −eneve. (5.16)

Note that the quantities figuring in the system (5.15) are created by the laser pulse
and are, therefore, functions of t− z/c. Let’s thus use the retarded time t′ = t− z/c. The
system (5.15) turns to: 

∂ne
∂t′
− 1

c

∂neve
∂t′

= 0,

∂ve
∂t′
− ve

c

∂ve
∂t′

= − e

me

E +
Fz
me

− νeve,

− ε0
c

∂E

∂t′
= e(ni − ne).

(5.17)
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We now consider a small perturbations of the electron density in respect to the state of
equilibrium, as well as the small electron velocities ve/c→ 0. We put ne = ne0 + δne:

∂δne
∂t′
− ne0

c

∂ve
∂t′

= 0,

∂ve
∂t′

= − e

me

E +
Fz
me

− νeve,

ε0
c

∂E

∂t′
= eδne.

(5.18)

Integration of the first equation of the system (5.18) gives δne = ne0ve/c (for t′ = 0,
δne = 0 and ve = 0). So on, the third equation gives:

ve =
ε0
ene0

∂E

∂t′
. (5.19)

Substitution of the ∂ve/∂t
′ in the second equation of the system (5.18) by the result of

the derivation of the equation (5.19) yields:

ε0
ene0

∂2E

∂t′2
+
ε0νe
ene0

∂E

∂t′
+

e

me

E =
Fz
me

. (5.20)

One can rewrite this equation using the expression (5.13) for the laser force along with

the expression for the plasma frequency: ωpe =
√

ne0e2

meε0
. The problem, therefore, turns to

the solving of an inhomogeneous differential equation of the second degree with constant
coefficients:

E ′′ + νeE
′ + ω2

peE =
eω2

pe

4c2meε0(ν2e + ω2
0)

[
∂I

∂t′
+ 2νeI

]
, (5.21)

with E = 0 and E ′ = 0, when t′ = 0.

The electric current is given now by:

jz = −eneve = −ε0
∂E

∂t′
. (5.22)

Let us solve the equation (5.21) by taking the Fourier transform:

(−ω2 − iνeω + ω2
pe)E(ω) =

eω2
pe

4c2meε0(ν2e + ω2
0)

[−iω + 2νe] I(ω), (5.23)

with
jz(ω) = iωε0E(ω). (5.24)

Assuming the laser pulse of the duration τL to be of the sine form: IL(t) =
I0 sin2(πt/τL), like in [D’Amico 08a], one obtains:

I(ω) = I0

∫ τL

0

sin

(
πt′

τL

)
e−iωt

′
dt′ =

I0

ω
((

ωτL
2π

)2 − 1
) sin(ωτL/2)e−iωτL/2. (5.25)
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Therefore, using the equation (5.23), we get the following expression for the spectral
current amplitude:

jz(ω) = ε0ELωpe

(
ω + 2iνe

ω2 − ω2
pe + iνeω

)
sin(ωτL/2)

1− (ωτL/2π)2
e−iωτL/2, (5.26)

where EL = eωpeI0/2meε0c
2ω2

0 is the amplitude of the plasma wave, ωpe is the electron
plasma frequency, ω0 is the laser circular frequency (≈ 2 × 1015 c−1), νe is the electron
collision frequency (≈ 1012 - 1014 c−1), and τL is the laser pulse duration. Here, we have
employed that ω2

0 � ν2e .

5.3.3 Electromagnetic emission from a single filament in the far
field

A plasma wave is excited in the wake of a laser pulse inside a filament. This movement
of the charge gives rise to the emission of the electromagnetic radiation. In the following
the radiated field will be calculated.

First let us recall the Maxwell equations [Jackson 65]:

rot ~E = −∂
~B

∂t
,

div ~D = ρ,

div ~B = 0,

rot ~H = ~j +
∂ ~D

∂t
,

(5.27)

and the constitutive equations: {
~D = ε0n

2 ~E,

~B = µ0
~H.

(5.28)

Here ~j represents the density of the electric current and is expressed in amperes per square
meter.

A simple way to resolve the Maxwell equations is to introduce a vector potential ~A
and a scalar potential V defined by

~B = rot ~A, (5.29a)

~E = −gradV − ∂ ~A

∂t
. (5.29b)

~A and V are the solutions of the following equations:

∆ ~A− µ0ε0n
2∂

2 ~A

∂t2
+ µ0

~j = grad[div ~A+ µ0ε0n
2∂V

∂t
], (5.30a)

∆V − µ0ε0n
2∂

2V

∂t2
+

ρ

ε0n2
= − ∂

∂t
[div ~A+ µ0ε0n

2∂V

∂t
]. (5.30b)
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Taking into account the Lorentz gauge

div ~A+ µ0ε0n
2∂V

∂t
= 0, (5.31)

allows to simplify the equations:

∆ ~A− µ0ε0n
2∂

2 ~A

∂t2
+ µ0

~j = 0, (5.32a)

∆V − µ0ε0n
2∂

2V

∂t2
+

ρ

ε0n2
= 0. (5.32b)

Now let us consider the potentials and the current density ( ~A, V , and ~j) in the form
of the Fourier integrals:

f(~R, t) =

∫ ∞
−∞

fω(~R, ω)e−iωtdω, (5.33a)

fω(~R, ω) =
1

2π

∫ ∞
−∞

f(~R, t)eiωtdt, (5.33b)

where f serves for ~A, or V, or ~j.

Keeping in mind that k2 = µ0ε0n
2ω2 = n2ω2/c2, one obtains

∆Aω + k2Aω + µ0jω = 0, (5.34)

together with:

divAω = i
k2

ω
Vω. (5.35)

Let us now consider the electric current inside the filamentary plasma. The current is
directed along the z-axis. We assimilate the transverse distribution of the current to the
Dirac distribution, thus the current density can be written in the following form:

j(t) = j(t− z/c)δ(x)δ(y). (5.36)

Therefore, by taking the Fourier transform, one obtains:
jx(ω) = 0,

jy(ω) = 0,

jz(ω) = j(ω)δ(x)δ(y)eikz.

(5.37)

Here j(ω) represents a spectral component of the linear current density.
The solution of the equation (5.34) may be obtained as a convolution of the Green’s

function with the expression for the current density (5.37). We come to an expression in
the form of the Fresnel’s diffraction integral:

Aω(ω, x, y, z) =

=
µ0

4π

∫ ∞
−∞

δ(x′)dx′
∫ ∞
−∞

δ(y′)dy′
∫ L

0

j(ω)eikz
′
eik
√

(x−x′)2+(y−y′)2+(z−z′)2√
(x− x′)2 + (y − y′)2 + (z − z′)2

dz′.
(5.38)
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After the integration, one obtains:
A(x)
ω (ω, x, y, z) = 0,

A(y)
ω (ω, x, y, z) = 0,

A(z)
ω (ω, x, y, z) =

µ0

4π

∫ L

0

j(ω)eikz
′
eik
√

(x)2+(y)2+(z−z′)2√
(x)2 + (y)2 + (z − z′)2

dz′.

(5.39)

With the expressions (5.39) for components of the vector potential, one can calculate the
components of electric and magnetic fields using the relations (5.29) and (5.35).

Radiation in the far field

The integral in the expression for the z-component of the vector potential (5.39) does
not have an analytical solution. However, the approximation of the far field will allow us
to simplify (5.39). Assume that the length of the filament (L) is much smaller than the
distance to the detector (R) (see Figure 5.5). Let us rewrite (5.39) as

A(z)
ω (ω, x, y, z) =

µ0

4π
j(ω)

∫ L

0

eikz
′
eik
√
R2−2zz′+z′2

√
R2 − 2zz′ + z′2

dz′. (5.40)

For R � z′ (in the far field) or z′

R
� 1 one can express the square root in the form of

series before limited by z′

R
term:

√
R2 − 2zz′ + z′2 ' R

(
1− zz′

R2
+ ...

)
= R− z′ cos θ. (5.41)

Therefore, the equation (5.40) turns to:

A(z)
ω (ω,R, θ) =

µ0

4π
j(ω)

eikR

ikR

∫ L

0

eikz
′(1−cos θ)dz′. (5.42)

After the integration we have:

A(z)
ω (ω,R, θ) =

µ0

4π
j(ω)

eikR

ikR

eikL(1−cos θ) − 1

1− cos θ
. (5.43)

One can now write the components for the vector potential in the spherical coordinates
(R, θ, φ) (see Figure 5.5): 

AR = A(z)
ω cos θ,

Aθ = −A(z)
ω sin θ,

Aφ = 0.

(5.44)

Note that the component Aφ equals zero and that AR and Aθ do not depend on φ, thus
(see (5.29) and (5.35)) Eφ = 0.
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Using the equation (5.35)), one obtains:

Vω ' −i
ω

k2
µ0

4π
j(ω)

eikR

R

eikL(1−cos θ) − 1

1− cos θ
cos θ, (5.45)

where the terms ∼ 1/R2 are neglected. Finally, by using (5.29b) we have the following
expressions for the components of the emitted THz electric field, in the far field approxi-
mation. 

ER = 0,

Eθ =
1

4π

√
µ0

ε0
j(ω)

eikR

R
sin θ

eikL(1−cos θ) − 1

1− cos θ
,

Eφ = 0.

(5.46)

The expressions for the magnetic field components can be found as well (with the use of
the equation (5.29a)):

BR = 0,

Bθ = 0,

Bφ = − 1

4πc

√
µ0

ε0
j(ω)

eikR

R
sin θ

eikL(1−cos θ) − 1

1− cos θ
.

(5.47)

Therefore, the energy density (the Poynting vector) of the THz emission yields:

u = S̄ =
1

128π2

√
µ0

ε0
j2(ω)

1

R2

sin2 θ

(1− cos θ)2
sin2

(
kL

2
(1− cos θ)

)
. (5.48)
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5.3.4 Conical distribution of the THz radiation

The angular distribution of the THz energy in the far field is given by the function
(see (5.48)):

f 2(ω, θ) =
sin2 θ

(1− cos θ)2
sin2

(
ωL

2c
(1− cos θ)

)
. (5.49)

The distribution is, therefore, conical. An example of the calculated THz radiation pattern
from a single filament is presented in Figure 5.6(a). We have verified the THz intensity
angular dependence experimentally using a heterodyne detector operating at ∼ 0.1 THz,
the corresponding data is presented in Figure 5.6(b) for the detector rotating in the YOZ
plane, 30 cm away from a 1-cm-long filament.

Figure 5.6: (a) Calculated THz radiation pattern at 91 GHz from a single
1-cm-long filament. (b) Emission diagram of the THz radiation in the YOZ
plane from a single filament. Black points: experimental results. Solid line:
calculation.

Note (see equation (5.49)) that the opening angle of the cone is defined by the filament
length L and the frequency of detection ν = ω/2π. The calculation predicts the following
dependence of the THz emission cone opening angle (2α) with the filament length and
with the detection frequency (see Figure 5.7(a) and 5.7(b), respectively). Increasing of

Figure 5.7: Calculated value of the THz emission cone opening angle (2α) as
a function of (a) the filament length (for the fixed detection frequency ν = 0.1
THz) and (b) the detection frequency (for the fixed filament length L = 1 cm).
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the filament length leads to the narrowing of the opening angle of the THz emission cone.
In addition, for the fixed filament length, the higher the spectral component of the THz
emission, the narrower the opening angle of emission cone (2α). For a 1-cm-long filament
it varies from ∼ 60◦ (for 0.1 THz) to ∼ 17◦ (for 1 THz).

Polarization of the THz emission

For better visualization and understanding, the calculated THz radiation patterns for
x-, y- and z- components of the total THz field are presented here. As mentioned above
the THz emission from a single filament is radially polarized as Eθ is the only non-zero
component of the THz field in spherical coordinate system (eq. (5.46)). In this case the
three field components are defined by:

Ex = −Eθ cos θ cosφ,

Ey = −Eθ cos θ sinφ,

Ez = Eθ sin θ.

(5.50)

The x-, y- and z- components of the total THz field and the corresponding intensities
are calculated and visualized in Figures 5.8(a) – 5.8(c). The radial polarization nature
of the THz radiation is reflected in the symmetry of the x- and y- components presented
respectively in Figures 5.8(a) and 5.8(b).

Figure 5.8: (a)-(c) Calculated THz radiation patterns for x-, y-, z- components
of the polarization of the THz radiation from a single filament, respectively.
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Chapter 6

Coherent synthesis of Terahertz
radiation from femtosecond laser
filaments in air

Electromagnetic radiation in the Terahertz (THz) domain has received much attention
in the last two decades. Unfortunately, many applications which require illumination
of a distant target are hampered by the poor transmission of THz radiation through
atmosphere, due to the strong attenuation posed by water vapor. Recently, significant
progress has been achieved in remote THz generation. To alleviate the strong attenuation
in air, one can produce a THz emitting source close to the distant target. This can be
readily achieved using intense infrared femtosecond laser pulses.

A first scheme consists in simply launching a short laser pulse in air. If the initial peak
power exceeds a critical value Pcr ≡ 3.72λ20/8πn0n2, the pulse undergoes filamentation
[Couairon 07] (see Chapter 1). Here, λ0, n0 and n2 are the laser wavelength, the refractive
index of air and the nonlinear refractive index of air, respectively. The plasma column
created during this process is initially in an excited state of longitudinal oscillations; it
produces a forward oriented, radially polarized conical THz emission (see the previous
chapter). By simple manipulation of the initial laser beam, it is possible to place the
ionized region, and hence the THz source, at a distance from the laser, which can reach
hundreds of meters. This technique has poor energy conversion efficiency from IR to THz,
on the order of 10−9 per filament [Houard 07]. However, the THz output can be increased
by increasing the number of filaments. With a laser pulse of peak power P � Pcr, N
parallel filaments are formed, where N ∼ P/Pcr, adding their emission incoherently. For
instance, a laser with terawatt power led to a THz radiation at 30 m from the laser with
40 times higher power than with a 12 gigawatt laser [D’Amico 07c]. Note that there is
no obvious limit to the further scaling up in laser power since there is no optical element
susceptible of being damaged in the path of the laser. Here we will show that the THz
emission from multiple femtosecond laser filaments can interfere coherently, leading to a
strong increase of the radiated THz energy.
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6.1 THz emission from an array of parallel filaments

In this chapter, we describe the coherent synthesis of the THz radiation from N in-
dividual single-color filaments organized in an array. This demonstrates that there is a
strong mutual coherence between the THz radiation pulses emitted by filaments created
independently in air. We find that the THz intensity scales up with N2 provided that
proper filament separation and laser pulse temporal delays are chosen. Moreover, the THz
radiation pattern can be controlled, which is a useful property for many applications. Cal-
culations based on the transition-Cherenkov model of THz emission by filaments agree
well with our observations.

Theoretical model

The THz field distribution in the far field from a single filament propagating along the
z axis reads (see eq. (5.46)):

Eθ =
1

4π

√
µ0

ε0
j(ω)

eikR

R
sin θ

eikL(1−cos θ) − 1

1− cos θ
, (6.1)

where ω, L, θ, k represent the frequency of the considered THz component, the length of
the filament, the angle of the radiation and the THz wavenumber, respectively. R is the
distance from the filament to the detector. The spectral current amplitude at frequency
ω is given by (see eq. (5.26)):

j(ω) = εELωpe

(
ω + 2iνe

ω2 − ω2
pe + iνeω

)
sin(ωτL/2)

1− (ωτL/2π)2
e−iωτL/2, (6.2)

where EL = eωpeI0/2meε0c
2ω2

0 is the amplitude of the plasma wave, ωpe is the electron
plasma frequency, ω0 is the laser circular frequency, νe is the electron collision frequency,
I0 is the laser intensity and τL is the laser pulse duration.

The model can be readily extended to the case of N identical filaments [Mit-
ryukovskiy 13]. The interference between the THz fields from each independent filament
yields

Etotal
θ =

1

4π

√
µ0

ε0
j(ω)

N∑
i=1

eiξi
eikRi

Ri

sin θi
eikL(1−cos θi) − 1

1− cos θi
, (6.3)

where ξi = ωτi is the accumulated phase difference of the ith THz field due to the temporal
delay τi between the laser pulses, Ri is the distance from the ith filament emitter to the
detector, and θi is the angle between the axis of ith filament and the direction from the
filament to the detector.
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Experimental data and calculation results

To verify the model, two IR femtosecond laser pulses of 46 fs duration, with equal
energy of 1.1 mJ, obtained from a Mach-Zehnder interferometer were focused by two
convex lenses (f = 100 cm) to form two 1-cm-long parallel filaments in ambient air [Mit-
ryukovskiy 13]. The experimental setup is presented in Figure 6.1. The spatial separation
and temporal delay of the two pulses could be controlled by a steering mirror of the
interferometer and an integrated mechanical delay line. The forward THz radiation was
detected by a heterodyne detector working at 91 GHz [Tzortzakis 02]. For the two parallel
filaments in the horizontal plane, the detector was rotated in the YOZ and XOZ planes.

Figure 6.1: Scheme of the experimental setup.

The synthesized THz field intensity emitted in the YOZ plane is presented in Figure
6.2 for different spatial separations between the filaments and with zero temporal delay
between the laser pulses. With the increase of the separation d from 0.5 mm to 3.4 mm,
the THz radiation diminishes but remains symmetric. The emission in the XOZ plane
for d = 2.4 mm is shown in Figure 6.2(d). Here (and in every further figure) the THz
intensity is normalized to the peak THz intensity of a single filament.

The corresponding calculated 3D emission diagrams for several values of spatial sepa-
ration d are presented in Figure 6.3. For small spatial separation between the filaments (d
= 0.5 mm, as an example) the total THz radiation diagram has the distribution close to
conical (Figure 6.3(a)). With further increase of the separation between the two filaments,
a ‘butterfly’ wing pattern appears in the XOZ plane (see Figure 6.3(b)). Figures 6.2(b’)
and (d’) are actually the cross section intensity distributions of this radiation pattern.
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We note that there is a limited range of separation between the filaments for which
our results apply. Filaments should not be closer than 200 µm because two filamentary
plasmas at such distance influence each other [Liu 07b,Durand 10]. There is also an upper
limit for the separation between the filaments: for the effective interference of THz fields
at a frequency ν, d should be on the order of λ = c/ν. Otherwise a highly modulated
pattern is expected in the far field (see Figure 6.3(c), as an example).

Figure 6.2: (a)-(c) Emission diagrams of the THz radiation at 91 GHz obtained
in the YOZ plane from two filaments as a function of the spatial separation d
between the filaments. Top row: experimental results. Bottom row: calcula-
tions. From (a) to (c), the lateral separation d is 0.5 mm, 2.4 mm and 3.4 mm,
respectively. (d) Emission diagram of the THz radiation obtained in the XOZ
plane from two filaments laying in the YOZ plane and separated by 2.4 mm.

Figure 6.3: Calculated THz radiation diagrams for two parallel filaments spa-
tially separated in YOZ plane by d with zero temporal delay between the fil-
amentary pulses. Values of the lateral separation d: (a) 0.5 mm, (b) 2.4 mm
and (c) 20 mm.
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Next, we considered the interference of two synthesized THz fields for different values
of temporal delay between the filament-forming laser pulses (τp) with a fixed spatial
separation d = 2.4 mm between the two filaments. With variation of the temporal delay
the radiation pattern undergoes significant changes (Figure 6.4). For zero temporal delay
(Figure 6.4(a)) the THz radiation is symmetric with respect to XOZ and YOZ planes.
Upon increase of the temporal delay the radiation pattern becomes asymmetric. With
τp = 3.5 ps (Figure 6.4(c)), the radiation is totally directed along a single lobe with an
absolute maximum in the YOZ plane. The total THz radiation is now directed away
from the laser propagation direction. This can prove interesting in applications where
irradiation of targets with intense laser pulse should be avoided. With further delay
(after τp = λ/2c ≈ 5.5 ps) another lobe starts to grow at the expense of the first one.
For τp ≈ 11 ps (∼ λ/c), the radiation pattern becomes identical to that without temporal
delay (Figure 6.4(i)).

Figure 6.4: Evolution of the 3D emission diagram of the THz radiation from
two parallel filaments as a function of the temporal delay between the two laser
pulses (calculation). The filaments are separated by d = 2.4 mm. Values of the
temporal delay τp: (a) 0 ps; (b) 2 ps; (c) 3.5 ps; (d) 4.6 ps; (e) 5.5 ps; (f) 6.5
ps; (g) 7.8 ps; (h) 9.5 ps; (i) 11 ps. THz intensity is normalized to the peak
THz intensity of a single filament.

85



6.1. THZ EMISSION FROM AN ARRAY OF PARALLEL FILAMENTS

The experimentally observed evolution of the emission diagram of the THz radiation
in the YOZ plane as a function of the temporal delay between the two laser pulses is
presented in Figure 6.5. The good agreement between experimental observations and
calculations validates the theoretical model and shows that a high degree of coherence
exists between the THz radiation emitted by two independent filaments.

Figure 6.5: Evolution of the emission diagram of the THz radiation in the YOZ
plane from two parallel filaments as a function of the temporal delay between
the two laser pulses. The spatial separation between the filaments is d = 2.4
mm. Top row: experimental results. Bottom row: calculations.
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Polarization of the total THz radiation

We have also considered the polarization components of the total THz field for the case
of two parallel filaments with temporal delay τp = 3.5 ps when the total THz radiation
is directed along a single lobe off-axis of the laser direction. We used equations (5.50) to
obtain x-, y- and z- components of the total THz field, assuming that the slight spatial
separation between the two filaments may be considered insignificant in the far field. The
calculated THz radiation patterns for x-, y- and z- components of the total THz field
are presented in Figure 6.6. The emission lobe is mainly y-polarized, however x- and
z-components are also present.

Figure 6.6: Calculated THz radiation patterns for (a) x-, (b) y- and (c) z-
components of the total THz field radiated from two parallel filaments sepa-
rated by d = 2.4 mm in the YOZ plane with temporal delay between the two
filamentary pulses τp = 3.5 ps (corresponding radiation diagram for the total
THz intensity is presented in Figure 6.4(c).

Coherent THz synthesis at other frequencies

Figures 6.2 and 6.5 show the experimentally obtained and the calculated THz radia-
tion patterns for the given spatial separations and temporal delays. Excellent agreement
between the experimental results and calculation is found. We have considered theoreti-
cally the THz emission at a frequency of ∼ 0.1 THz, because it corresponds to the spectral
component measured by our detector. However the THz emission from filaments peaks
at higher frequencies. In Figure 6.7 we show the temporal waveform of a THz pulse and
the corresponding spectrum obtained from a 5-mm-long filament in air (induced by fo-
cusing 2 mJ, 50 fs, 800 nm laser pulses with an f = 20 cm lens). The THz waveform was
obtained by the standard time domain THz spectroscopy system based on a 1-mm-thick
ZnTe crystal [Wu 96] (see Appendix A for details). The THz power spectrum reaches a
maximum around 0.5 THz. It is therefore instructive to calculate the emission pattern at
other frequencies, which can be readily obtained from equations (6.2) and (6.3).
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Figure 6.7: (a) Typical temporal waveform of a THz pulse emitted by a filament
measured by the time domain THz spectroscopy system. (b) Corresponding
spectrum of the THz field below 4 THz.

In Figures 6.8 (b) and (c) the result for 0.5 THz is presented for two parallel filaments
separated by 0.5 mm in YOZ plane. Such spatial separation was chosen to keep the ratio
d/λ on the same order as for 0.1 THz (d is the spatial separation between filaments, λ
is the wavelength of the THz emission). Similar results to those shown in Figure 6.4 are
obtained.

Figure 6.8: Calculated THz radiation diagrams for the frequency of 0.5 THz
from (a) single filament, (b) two parallel filaments separated by 0.5 mm without
temporal delay, (c) two parallel filaments separated by 0.5 mm with a temporal
delay τp = 0.3 ps.
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Array of N parallel filaments

The good agreement between our experimental observations and calculations validates
the theoretical model and permits to extrapolate the results to a higher number of fila-
ments. It has been demonstrated that a large number of filaments can be organized in
regular patterns by manipulation of the beam profile of a femtosecond laser pulse with
P � Pcr [Méchain 04b,Schroeder 04,Châteauneuf 08]. In this case, the onset of filamen-
tation is no more ruled by the random fluctuations of the initial beam profile amplified
by modulation instability (a process difficult to control), but they are rather imposed by
the strong disturbance introduced by the mask. The onset of filamentation is therefore
deterministic. We have calculated the THz radiation distribution for N = 4, 6, 8, 9,
12, 16 filaments organized in a square grid (see Figure 6.9). With certain combinations
of filament delays, quite complicated radiation patterns can come up. With a properly
optimized delay, the total THz energy can be channeled towards a preferential direction.
The corresponding peak intensity scales almost like N2, as shown in Figure 6.10.

Figure 6.9: Spatial orientation of (a) 2, (b) 4, (c) 8, and (d) 16 filaments, used
in our calculations. To obtain strong enhancement of the THz radiation the
temporal delays τi between the filamentary laser pulses were optimised, the
corresponding values of τi is shown near the filaments.

In Figure 6.11, we present the normalized three dimensional distribution of the opti-
mized THz field for 2, 4, 8, and 16 filaments separated by d = 2 mm. For two filaments
with τp = 3.5 ps, a ‘single-leaf’ radiation pattern is obtained (Figure 6.11(a)). For a larger
number of filaments, similar leaf-shape radiation pattern appears with properly chosen
pulse delays. For example, the synthesized THz radiation from 16 filaments is presented
in Figure 6.11(d), where its peak intensity is found to be ∼ 250 times that of a single
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filament. Recently, Châteauneuf, et al. have reported the generation of 103 filaments
organized in a circle [Châteauneuf 08]. With proper phase control, it could lead to a
106 increase of THz peak intensity. We expect it would have an impact on remote THz
delivery.

Figure 6.10: Dependence of peak THz intensity on the number of filaments N .
Squares – theoretical upper limit (quadratic dependence), Circles – maximum
value obtained in our calculations.

Figure 6.11: Calculated THz radiation diagrams from: (a) two parallel fila-
ments separated by 2.4 mm with a temporal delay τp = 3.5 ps; (b) a square
matrix of 4 parallel filaments separated by 2 mm with 3.5 ps temporal delay
between successive rows along y axis; (c) a (2 × 4) matrix of 8 parallel fila-
ments separated by 2 mm with 3.5 ps time delay between successive rows along
y axis; (d) a square matrix of 16 parallel filaments separated by 2 mm with 2
ps time delay between successive rows along y axis. The spatial orientations of
filaments are presented in Figure 6.9.
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6.2 THz emission from ‘V-oriented’ filaments

There is a large number of possible spatial orientations of filaments for coherent synthe-
sis of THz radiation. We have studied experimentally and theoretically the emission from
two non-parallel filaments forming the equivalent of a Vee antenna [Karr 01, Balanis 05]
(see the scheme in Figure 6.12). The idea is the following: each independent filament
emits THz radiation at a given frequency in a cone with an opening angle (2α) defined
by the THz frequency and the filament length. If one places two filaments in one plane
(YOZ) with an angle of 2α between them, then these two emission cones partially overlap
(around the z-axis). If the temporal delay between the filamentary laser pulses is properly
adjusted, an enhancement of the total THz radiation will occur due to the constructive
interference of the THz fields. Moreover, varying the angle between the filaments one can
select the frequency of the THz field to be enhanced.

Figure 6.12: Scheme of the orientation of filaments. Two ‘V-oriented’ filaments
with an angle 2α between the filament axes. The temporal delay τp between
the two filamentary pulses can be adjusted.

Let us consider a filament forming an angle α with the z-axis. The direction of the
filamentary laser pulses is defined in spherical coordinates by a polar angle α and an
azimuthal angle β. The THz amplitude distribution in the far field from such filament is
described by: 

Ex = Eθ
sinα cos β − sin θ cosφ cos γ

(1− cos2 γ)1/2
,

Ey = Eθ
sinα sin β − sin θ sinφ cos γ

(1− cos2 γ)1/2
,

Ez = Eθ
cosα− cos θ cos γ

(1− cos2 γ)1/2
,

(6.4)

where Eθ is defined by equation (6.1), and

cos γ = sinα cos β sin θ cosφ+ sinα sin β sin θ sinφ+ cosα cos θ. (6.5)
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For the case of N filaments ‘V-oriented’ around the z-axis, the total THz field distri-
bution yields:

Etotalx =
1

4π

√
µ0

ε0
j(ω)

N∑
i=1

eiξi
eikRi

Ri
sin γi

eikL(1−cos γi) − 1
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(
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,
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N∑
i=1

eiξi
eikRi

Ri
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eikL(1−cos γi) − 1
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(
cosαi − cos θ cos γi

(1− cos2 γi)
1/2

)
,

(6.6)

where ξi = ωτi is the accumulated phase difference of the THz fields due to the temporal
delay τi between the laser pulses, αi and βi are the two angles which define the orientation
of the ith filament with respect to the coordinate axes, and γi is defined as

cos γi = sinαi cos βi sin θ cosφ+ sinαi sin βi sin θ sinφ+ cosαi cos θ. (6.7)

The total THz intensity in this case can be calculated as:

I totalTHz =
√

(Etotal
x )2 + (Etotal

y )2 + (Etotal
z )2. (6.8)

Figure 6.13 shows the calculated total THz emission pattern from two 1-cm-long ‘V-
oriented’ filaments (α1 = 28◦, β1 = 90◦ and α2 = 28◦, β2 = 270◦) at a frequency of 91
GHz. With zero temporal delay (Figure 6.13(a)) no THz emission is observed along the
z-axis. We remind that the THz radiation from a single filament is radially polarized,

Figure 6.13: Evolution of the 3D emission diagram of the THz radiation from
two ‘V-oriented’ filaments as a function of the temporal delay between the two
laser pulses. The angle between the two filaments is 2α = 56◦. Values of the
temporal delay τp: (a) 0 ps; (b) 2 ps; (c) 3 ps; (d) 5.5 ps; (e) 8.5 ps; (f) 11 ps.

92



CHAPTER 6. COHERENT SYNTHESIS OF TERAHERTZ RADIATION FROM FILAMENTS

therefore the THz field directions are opposite for the two emission cones in the overlap
area around the z-axis. As a consequence, complete destructive interference of the two
THz fields is achieved along this direction. Upon increase of the delay τp the THz radiation
in the z-direction becomes stronger, and for τp = λ/2c ≈ 5.5 ps a maximum is reached
with a THz intensity 4 times stronger than for a single filament, due to the constructive
interference between the two THz fields (Figure 6.13(d)).

To verify our calculations, we modified our previous experimental setup (Figure 6.1)
to obtain two ‘V-oriented’ filaments crossed with an angle around 60◦. In the top row of
Figure 6.14, our results in the YOZ plane are shown. The laser beams propagate with
angles of ±30◦ to the “0◦-direction”. With zero temporal delay between the filamentary
pulses (Figure 6.14(a)) THz emission from the filaments interfere destructively and cancel
in the “0◦-direction”. With a delay of τp = 5.5 ps the THz intensity is enhanced by a factor
close to 4, due to constructive interference (Figure 6.14(b)). Corresponding calculated
THz emission diagrams are presented in the bottom row of Figure 6.14. Note that in the
experiment we observed the existence of 4 small lobes in the emission pattern for zero
temporal delay, in disagreement with just 2 small lobes obtained in the calculation. We
attribute this to the fact that in the experiment the plane of detection and the plane of
filaments were slightly misaligned. Another condition for the constructive interference
on selected frequency which is difficult to satisfy in the experiment is the value of the
angle between the filaments. These facts also explain the impossibility to experimentally
achieve the THz intensity enhancement by a factor 4.

Figure 6.14: Emission diagrams of the THz radiation in the YOZ plane from two
‘V-oriented’ filaments without temporal delay (a) and with a temporal delay
between the two filamentary pulses τp = 5.5 ps (b). Top row: experimental
results. Bottom row: calculations.
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Figure 6.15: Evolution of the intensity of THz radiation in the OZ direction
from two ‘V-oriented’ filaments as a function of the temporal delay between the
two laser pulses. Black points: experimental results. Solid line: calculations.

Upon increase of the delay τp THz emission in the “0◦-direction” changes periodically
as shown in Figure 6.15. Good agreement of experimental data with calculation results
also validates our model.

In practice it is complicated to organize multiple filaments in a form of ‘Vee antenna’
especially if it comes to a big number of filaments needed for strong total THz radiation.
Nevertheless, we dwell below on two important properties of the THz emission from ‘V-
oriented’ filaments, which are unique for such orientation of filaments: circularly polarized
THz emission and THz frequency tuning.
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Circularly polarized THz emission

First we consider the polarization components of the total THz field. The calculated
THz radiation patterns for x-, y- and z- components of the total THz field from ‘V-
oriented’ filaments in YOZ plane are presented in Figure 6.16. The temporal delay between
the laser pulses is τp = 5.5 ps which corresponds to the maximal THz intensity toward
z-axis (see Figure 6.13(d)). The y-component (Figure 6.16(b)) of the total THz field is
much higher than that for x- and z- components. Thus the total THz radiation from
‘V-oriented’ filaments may be considered to be linearly polarized in the y-direction. By
using two pairs of such ‘V-oriented’ filaments in perpendicular planes (say one pair is in
YOZ and another one in XOZ) one obtains the total THz field with two linearly polarized
components orthogonal to each other (x- and y- components). Varying the temporal
delay between filamentary laser pulses in each pair of filaments gives an opportunity to
manipulate the polarization of the total THz field. It becomes possible to create linearly,
elliptically and circularly polarized THz radiation by simple adjustment (tuning) of the
phase differences between filament-forming laser pulses.

Figure 6.16: Calculated THz radiation patterns for (a) x-, (b) y- and (c) z-
components of the total THz field radiated from two ‘V-oriented’ filaments
lying in the YOZ plane. The angle between the two filaments is 2α = 56◦.
Temporal delay between the two filamentary pulses τp = 5.5 ps (corresponding
radiation diagram for the total THz intensity is presented in Figure 6.13(d)).
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Enhancement of THz radiation at selected frequencies

So far, we have considered the THz radiation from filaments at a single, selected fre-
quency. However, filaments emit radiation in a broad band of THz frequencies. Typically
their radiation spectrum has a bandwidth of several THz with a maximum between 0.5 –
1 THz, close to the value of the plasma natural oscillation frequency [Reimann 07,Liu 10]
(also see Figure 6.8). The higher the frequency, the narrower the opening angle of the
emission cone (2α) (see Figure 5.7(b)). For 1-cm-long filament the opening angle of the
conical THz emission varies from ∼ 60◦ (for 0.1 THz) to ∼ 17◦ (for 1 THz). With two
filaments in the form of ‘Vee-antenna’ the angle between the filaments defines which THz
frequency component will be enhanced. We calculated the dependence of the total THz
intensity from ‘V-oriented’ filaments with angle and with detection frequency to verify
the possibility of THz enhancement at selected frequencies.

The dependence of the total THz signal with angle between two ‘V-oriented’ filaments
is presented in Figure 6.17 for detection at 91 GHz, 0.2 THz, 0.5 THz and 1 THz. For each
frequency the optimal temporal delay τp = 2/ν between the filament-forming laser pulses
was chosen to achieve the constructive interference between the two THz emissions. All
curves in Figure 6.17 are normalized to the maximal THz intensity radiated from a single
filament at the chosen frequency. The optimal value of the angle between the filaments
for effective enhancement of the THz radiation at a desired frequency is clear from Figure
6.17 and presented in Table 6.1.

Figure 6.17: Intensity of the total THz emission radiated in the OZ direction
by two ‘V-oriented’ filaments lying in the YOZ plane as a function of the angle
between the filaments for selected values of the radiation frequency ν and the
temporal delay τp = λ/2c = 2/ν between the two filamentary pulses. Black
line: ν = 1 THz, τp = 0.5 ps; Purple line: ν = 0.5 THz, τp = 1 ps; Green
line: ν = 0.2 THz, τp = 2.5 ps; Orange line: ν = 91 GHz, τp = 5.5 ps. All
the dependencies are normalized to the maximal THz intensity radiated from
a single filament at the chosen frequency.
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Table 6.1: Optimal values of the angle between the ‘V-oriented’ filaments and
the temporal delay between the two laser pulses for the full constructive inter-
ference of the THz radiation at selected frequency.

Frequency of the THz Optimal delay Optimal angle

radiation to be enhanced τp (ps) between the filaments

(THz) 2α (◦)

0.091 5.495 56.42

0.2 5 38.16

0.5 2.5 24.16

1 0.5 17.1

Next we studied how different THz spectral components (at 91 GHz, 0.2 THz, 0.5 THz
and 1 THz) can be resolved for optimized sets of angle between the filaments and temporal
delay τp = λ/2c = 2/ν. The result of the calculations is presented in Figure 6.18. This
shows that filaments in a Vee arrangement provide a tool to deliver THz radiation at a
desired frequency by simple selection of a proper angle between the filaments.

Figure 6.18: Spectrum intensity of the total THz emission radiated in the OZ
direction by two ‘V-oriented’ filaments lying in the YOZ plane for selected
values of the temporal delay τp = λ/2c = 2/ν between the two filamentary
pulses and the angle 2α between the filaments. Black line: 2α = 17.1◦, τp =
0.5 ps; Purple line: 2α = 24.16◦, τp = 1 ps; Green line: 2α = 38.16◦, τp = 2.5
ps; Orange line: 2α = 56.42◦, τp = 5.5 ps. All the dependencies are normalized
to the maximal THz intensity radiated from a single filament.
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We also compared the spectral selectivity of two ‘V-oriented’ filaments versus two par-
allel filaments. In the case of parallel filaments the total THz radiation is the superposition
of the conical emission at different frequency components. By changing the temporal delay
between the filament-forming laser pulses one can enhance the THz radiation at a selected
frequency. The THz radiation in this case will be directed along some angle (α) to the
filament axis. We calculated the intensity spectrum of THz radiation from two parallel
filaments separated by d = 0.5 mm with the time delay τp = 0.325 ps between the laser
pulses. The maximum THz intensity is directed ≈ 12◦ away from the laser propagation
direction. These conditions are optimal for the effective enhancement of THz radiation at
0.5 THz. The result of the calculation is presented as a dashed line in Figure 6.19. The
corresponding result for the scheme of two ‘V-oriented’ filaments is presented in the same
figure as a solid line. It shows that the Vee arrangement has a better spectral selectivity.

Figure 6.19: Solid line: spectrum intensity of the total THz emission radiated
in the OZ direction from two ‘V-oriented’ filaments with an angle 2α = 24.16◦

between them; Dashed line: spectrum intensity of the total THz emission radi-
ated at angle α = 12.08◦ from the OZ axis from two parallel filaments separated
by d = 0.5 mm. Such directions are optimal for the achievement of maximal
THz intensity in these two configurations. The value of the temporal delay
between the two filamentary pulses τp = 1 ps is the same in the two schemes.
Such temporal delay is optimal for effective enhancement of THz radiation at
0.5 THz in these schemes. The dependencies are normalized to the maximal
intensity of the THz emission from a single filament.
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6.3 Conclusion

In summary, we have discussed the coherent synthesis of the THz radiation from an
array of N parallel femtosecond laser filaments. It provides a simple technique for scaling
up the THz intensity with high power femtosecond laser since the total THz intensity is
proportional to N2. With appropriate delay between the filaments, the emission can be
directed along preferential directions, which is of high interest for remote THz applications.

We have further considered the coherent synthesis of the THz radiation from an-
other geometric configuration, where femtosecond laser filaments form an analogue of a
‘Vee-antenna’. The polarization of the total THz radiation was examined, showing an
interesting possibility for ‘V-oriented’ filaments to produce circularly polarized THz emis-
sion. A method of effective enhancement of a THz radiation at a selected frequency was
discussed. It consists in optimizing the angle between two ‘V-oriented’ filaments.
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Chapter 7

Effect of an external electric field on
the coherent Terahertz emission
from multiple filaments

7.1 Amplification of Terahertz radiation from fem-

tosecond laser filaments in air

As discussed in Chapter 5, the THz radiation from a femtosecond laser filament is
produced by the longitudinal plasma oscillations in the wake of the moving ionization
front. These plasma oscillations are excited by the ponderomotive force of the laser pulse
and are damped by electron collisions on a picosecond scale. The radiation is emitted
by a dipole like structure moving at the speed of light; it is therefore a Cherenkov-like
emission [D’Amico 07c]. A laser filament as a THz source has several unique advantages
comparing to the traditional techniques for THz generation including photoconductive
antenna and optical rectification with electro-optical crystal. Being a femtosecond filament
a THz source can be positioned far away from the laser system, thereby avoiding the
absorption of the THz field by water vapor during propagation in ambient air. At the
same time, high energy laser pulses can be employed for THz generation without damage
to the emitter, which is impossible with the traditional techniques. Unfortunately, the
conversion efficiency of this method is very low. It has been measured to be on the order
of 10−9 [Houard 07]. Several methods have been demonstrated to improve the conversion
efficiency.

In a first approach, an external electric field is applied on the filament either longitu-
dinally or transversely. A THz enhancement by 3 orders of magnitude was obtained with
an applied longitudinal static field Eext ∼ 10 kV/cm (Figure 7.1). At the same time, the
radiation pattern and polarization property of this amplified emission keep the same as
that of the pure transition-Cherenkov THz radiation [Liu 08]. The amplification effect
is explained by a higher longitudinal electron current in the wake driven by the external
electric field. This amplified THz pulse is of particular significance since a radially polar-
ized THz wave has been demonstrated to be compatible with the propagating mode of
a metal wire THz waveguide [Wang 04]. Although, this method of enhancement suffers
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from the fact that the electric field must be applied on the plasma region of the filament,
not an easy task for stand-off THz applications.

Figure 7.1: (a) Radiation pattern of the amplified THz emission from a fila-
ment in longitudinal electric field. The pure transition-Cherenkov THz emission
(Eext = 0 kV/cm) is multiplied by a factor of 200 for visibility. (b) Intensity
of the amplified THz radiation as a function of the external electric field. The
solid lines denote a quadratic fit. The figures are taken from [Liu 08].

Application of an external electric field perpendicularly to the filament axis induces
a transverse electron current inside the filament [Houard 08c]. With the increase of the
external electric field strength, the energy of the THz signal increases, while its peak
gradually converges to the filament axis (see Figure 7.2). As a result, a THz beam with
maximum intensity directed towards the laser propagation was obtained when Eext exceeds
3 kV/cm. Moreover, with Eext = 9 kV/cm the THz intensity was enhanced by 3 orders
of magnitude with respect to the pure transition-Cherenkov THz without the external
electric field. A quadratic dependence of the total THz energy on the external electric
field was also observed in this case. In addition, the amplified THz emission was found to
be linearly polarized and the polarization plane is dictated simply by the direction of the
external field.

Figure 7.2: Angular dependence of the THz emission from a laser filament in
the presence of increasing transverse electric field Eext = 0 kV/cm (a), 0.5
kV/cm (b), and 3 kV/cm (c). The figure is taken from [Houard 08c].
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Another method to amplify THz radiation from filaments is to use an oscillat-
ing transverse field, by combining a short IR pulse (at 800 nm) with its second har-
monic generated in a thin BBO crystal. After the first demonstration of this two-color
method [Cook 00], it has been extensively studied with a millimeter-scale-long plasma
(L ∼ λTHz) [Xie 06,Thomson 07,Kim 07,Kim 08,Houard 08b,Liu 09]. It was found that
the optical bias at second harmonic frequency can lead to a THz amplitude enhancement
by two orders of magnitude compared to the air plasma driven by just 800 nm femtosecond
laser pulses [Xie 06,Thomson 07]. The relative phase between the fundamental laser field
and its second harmonic was found to be critical for the yield and polarity of the THz
radiation [Xie 06, Liu 09]. Recently, this method was also extended to long air plasma
(L� λTHz) obtained in the filamentation regime [Wang 10,Daigle 12]. For such long fil-
aments, it was confirmed that the two-color scheme is more efficient than the single-color
one. However, the temporal separation of the 800 nm and 400 nm pulses during their
propagation inside the long filaments due to group delay dispersion of air sets a limit of
interaction length (∼ 2 m) and results in a strong THz yield decrease for standoff THz
generation [Daigle 12].

In the previous chapter, we have shown that it is possible to add coherently the
THz emission from multiple filaments, leading to an increase of the radiated THz energy
scaling like N2, where N is the number of filaments. Here, we consider experimentally
and theoretically the effect of a static electric field on the THz emission from multiple
filaments.

7.2 Theoretical model

We first consider the effect theoretically. Because the longitudinal electric field merely
increases the THz intensity without changing the radiation pattern [Liu 08] it is not
necessary to consider it. We therefore focus our attention on the case of transverse electric
field, where the action of the applied field leads to new emission patterns from filaments.
The geometrical disposition of the filament, the electric field and the coordinate axes is
shown in Figure 7.3.

Figure 7.3: Schematic orientation of the filament and the coordinate axes. The
transverse external electric field is applied in the direction parallel to the x-axis.

103



7.2. THEORETICAL MODEL

The distribution of the THz radiation from a filament in external transverse electric
field can be obtained by the same procedure as in Chapter 5. We assume the external
field to be high enough (Eext > 3 kV/cm) and consider the electric current inside the
filamentary plasma, which is directed mainly along the x-axis. Like in Chapter 5, we
assume the distribution of the current to be the Dirac distribution, thus the current
density can be written in the following form:

jx(t) = j(t− nz/c)δ(x)δ(y). (7.1)

Therefore, by taking the Fourier transform, one has:
jx(ω) = j(ω)δ(x)δ(y)eikz,

jy(ω) = 0,

jz(ω) = 0.

(7.2)

Here j(ω) represents a spectral component of the linear current density.
The equation (5.34) in the current case may be also solved using a convolution of

the Green’s function with the expression for the current density (7.2). One obtains the
expression in the form of the Fresnel’s diffraction integral:

A(x)
ω (ω, x, y, z) =

=
µ0

4π

∫ ∞
−∞

δ(x′)dx′
∫ ∞
−∞

δ(y′)dy′
∫ L

0

j(ω)eikz
′
eik
√

(x−x′)2+(y−y′)2+(z−z′)2√
(x− x′)2 + (y − y′)2 + (z − z′)2

dz′.
(7.3)

After the integration, one obtains:
A(x)
ω (ω, x, y, z) =

µ0

4π

∫ L

0

j(ω)eikz
′
eik
√

(x)2+(y)2+(z−z′)2√
(x)2 + (y)2 + (z − z′)2

dz′,

A(y)
ω (ω, x, y, z) = 0,

A(z)
ω (ω, x, y, z) = 0.

(7.4)

We can now calculate the components of electric and magnetic fields using the relations
(5.29) and (5.35).

The approximation of the far field allows to simplify (7.4). We assume that the length
of the filament (L) is much smaller than the distance to the detector (R), thus Ax(ω) may
be rewritten as (in the same manner as in Chapter 5)

A(x)
ω (ω, x, y, z) =

µ0

4π
j(ω)

eikR

ikR

eikL(1−cos θ) − 1

1− cos θ
. (7.5)

One can now write the components for the vector potential in the spherical coordinates
(R, θ, φ) (see Figure 7.3): 

AR = Ax sin θ cosφ,

Aθ = Ax cos θ cosφ,

Aφ = −Ax sinφ.

(7.6)
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Using the equation (5.35)), one obtains:

Vω = −i ω
k2
∂Ax
∂x
' iω

µ0

4πk2
j(ω)

eikR

R

eikL(1−cos θ) − 1

1− cos θ
cosφ sin θ, (7.7)

where the terms ∼ 1/R2 are neglected.
Finally, using (5.29) we have the following expressions for the components of the

emitted THz electric field, in the far field approximation.

ER = 0,

Eθ =
1

4π

√
µ0

ε0
j(ω)

eikR

R
cosφ cos θ

eikL(1−cos θ) − 1

1− cos θ
,

Eφ = − 1

4π

√
µ0

ε0
j(ω)

eikR

R
sinφ

eikL(1−cos θ) − 1

1− cos θ
.

(7.8)

The expressions for the magnetic field components can be found as well:

BR = 0,

Bθ =
1

4πc

√
µ0

ε0
j(ω)

eikR

R
sinφ

eikL(1−cos θ) − 1

1− cos θ
,

Bφ =
1

4πc

√
µ0

ε0
j(ω)

eikR

R
cosφ cos θ

eikL(1−cos θ) − 1

1− cos θ
.

(7.9)

In (7.8) and (7.9) ω, L, k represent the frequency of the considered THz component, the
length of the filament, and the THz wavenumber, respectively. R is the distance from
the filament to the detector, θ is the polar angle and φ is the azimuthal angle (spherical
coordinates) (see Figure 7.3). The expression for the spectral current amplitude can
be obtained similarly to that in the wake-field created by the laser ponderomotive force
considered in Chapter 5 and reads ( [Houard 08c]):

j(ω) =
ε0Eextω

2
pe

ω2 − ω2
pe + iνeω

, (7.10)

where Eext is the external static electric field, ωpe =
√
e2ne/meε0 is the electron plasma

frequency, νe is the electron collision frequency.
In the presence of an applied transverse field, the THz radiation pattern gradually

evolves from a conical pattern to a single lobe forward oriented emission. A 3D emission
diagram for the single filament is presented in Figure 7.4(a). We have verified the THz
intensity angular dependence in experiment using a heterodyne detector operating at ∼
0.1 THz, the corresponding data is presented in Figure 7.4(b) for the detector rotating in
the XOZ plane, 30 cm away from a 1-cm-long filament.
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Figure 7.4: (a) Calculated THz radiation pattern at 91 GHz from a single 1-
cm-long filament in transverse external electric field applied toward the x-axis.
(b) Emission diagram of the THz radiation in the XOZ plane from a single
filament in transverse external electric field (Eext = 4 kV/cm). Black points:
experimental results. Solid line: calculation.

The Poynting vector of the THz emission scales like:

S̄ =
1

2µ0

(
EθB

∗
φ −B∗θEφ

)
=

=
1

128π2

√
µ0

ε0

(
cos2 θ cos2 φ+ sin2 φ

(1− cos θ)2

)
1

R2
sin2

(
Lω

2c
(1− cos θ)

)
× |j(ω)|2 ,

(7.11)

therefore the intensity of THz emission depends on external electric field like E2
ext. In

[Houard 08c] the quadratic dependence of the energy of the THz radiation on external
electric field has been verified experimentally.
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Polarization of the THz emission

As mentioned above the THz emission from a single filament in transverse external
electric field was observed to be linearly polarized in the direction of the applied external
electric field [Houard 08c]. We have calculated the x-, y- and z- components of the total
THz field in this case. The three field components are expressed by:

Ex = −iωAx(cos2 φ sin2 θ − 1),

Ey = −iωAx cosφ sin2 θ sinφ,

Ez = −iωAx cosφ sin θ cos θ,

(7.12)

where Ax is defined by 7.5.
The x-, y- and z- components of the total THz field are calculated and the correspond-

ing intensities are visualized in Figure 7.5. The x-component dominates among the three
polarization components. The THz emission thus may be considered as linearly polarized
in the direction parallel to the external electric field.

Figure 7.5: (a)-(c) Calculated THz radiation patterns for x-, y-, z- components
of the polarization of the THz radiation from a single filament in transverse
external electric field, respectively. The external electric field is applied toward
the x-axis.

Multiple parallel filaments in transverse electric field

The model can be extended to the case of N identical filaments. The interference of
the THz fields will give:

S̄total '

∣∣∣∣∣
N∑
i=1

Eθ(Ri, θi, φi)e
iξi

∣∣∣∣∣
2

+

∣∣∣∣∣
N∑
i=1

Eφ(Ri, θi, φi)e
iξi

∣∣∣∣∣
2

, (7.13)

where ξi is the accumulated phase difference of the THz field due to the temporal delay τi
between the filamentary laser pulses and Ri is the distance from the ith filament emitter
to the detector.

The normalized calculated 3D distribution of the THz field from two parallel filaments
in transverse static electric field is presented in Figure 7.6. An enhancement of the THz
intensity by a factor 4 is achieved comparing with the case of the single filament in the
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presence of the same applied field (see Figures 7.4(a) and 7.6(a)). Note that varying of
the temporal delay τp between the two filament-forming laser pulses leads to significant
changes in the radiation diagram. For instance, the calculated result for two parallel
filaments with temporal delay τp = 5.5 ps is presented in Figure 7.6(b). The direction of
the THz radiation is completely different from that of the laser pulses, forming two lobes
on the two sides from the filament axes.

Figure 7.6: Calculated THz radiation diagrams at 91 GHz from two parallel
filaments separated by 2 mm without temporal delay between the filamentary
laser pulses (a) and with the temporal delay τp = 5.5 ps (b).

7.3 Experimental results and discussion

We now compare our calculations with experimental measurements. We study experi-
mentally how the THz emission depends on the variations of temporal delay τp and spatial
separation d between two parallel filaments in the presence of a transverse electric field.
In our experiments, a femtosecond laser system delivering 46 fs pulses with energy up to
12 mJ at 800 nm was employed. The experimental setup is similar to that described in
the previous chapter (see Figure 6.1) except for the application of static transverse electric

Figure 7.7: Scheme of spatial orientation of the two parallel filaments and the
direction of the transverse electric field. The filaments are separated laterally
by a variable distance d, and τp is the adjustable temporal delay between the
two filamentary pulses.
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field. We used a Mach-Zehnder interferometry scheme to obtain two parallel propagating
laser pulses. The spatial separation and temporal delay of the two pulses could be con-
trolled by a steering mirror of the interferometer and an integrated mechanic delay line.
The two pulses with equal energy of 1.1 mJ were focused with two convex focusing lenses
of f = 100 cm to form two 1-cm-long parallel, laterally separated filaments in ambient
air. The forward THz radiation was detected by a heterodyne detector working at 91
GHz. The distance between the filaments and the detector was around 30 cm. In our
experiment the detector measures only the component in the plane of the two filaments
(which is the XOZ plane in the current case, see Figure 7.7). The static electric field was
applied to the ionized region transversally by placing two electrodes around the filaments.
The electrodes were square copper plates with dimensions of 5 cm × 5 cm. We have
studied two cases: when the direction of the electric field is parallel (configuration A)
or perpendicular (configuration B) to the plane defined by the filaments. The applied
DC-electric field was 4 kV/cm.

We first studied the interference of two synchronized (τp = 0) THz fields for different
spatial separations in configuration A. The results are presented in Figure 7.8. Upon
increase of the spatial separation d, the THz radiation pattern becomes narrower, but
remains symmetric about the propagation direction of the laser pulses. Note that there
is no decrease of the THz intensity within the range studied here. This differs from
the results obtained in the absence of an electric field (see Figure 6.2), where the THz
intensity starts to decrease with the increase of the spatial separation between filaments.

Figure 7.8: Emission diagrams of the THz radiation at 91 GHz obtained from
two filaments as a function of lateral spatial separation d. The measurements
were performed in the plane of the filaments (XOZ plane). Top row: calcula-
tions. Bottom row: experimental results. The THz intensity is normalized to
the peak THz intensity of a single filament.
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We attribute this to the different size of the intersection areas of two THz radiation
patterns from each individual filament with and without external electric field. Without
external electric field the THz emission from a filament has a narrow conical distribution,
thus the overlap of the THz radiation patterns from two filaments is a sensitive function
of separation between them. With the transverse electric field, the broader forward lobe
allows larger filament separations while interference of the THz emissions is still present.

Next we studied the interference of two synthesized THz fields for different values of
the temporal delay τp with a fixed spatial separation d = 2 mm between the two filaments,
always in configuration A. The results are presented in Figure 7.9. Upon increase of the
delay τp, the total radiation pattern becomes asymmetric, alternatively directed to either
side of the filament propagation direction. The change in direction reflects the partial
destructive interference between the THz fields due to the phase shift induced by the
delay. At the same time, the total THz radiation decreases. Finally (τp = 5.5 ps), the
total THz radiation pattern comes to near complete cancelation of the THz field, keeping
only two small lobes in the non-intersection area. Eventually, for τp = 11 ps, the THz
radiation recovers the value without the delay. Note that the strongest enhancement of
THz radiation is always achieved with no temporal delay. By changing the temporal delay
one can redirect the THz radiation along another direction that is not collinear with the
laser beams. However, in most cases, the peak intensity decreases.

Figure 7.9: Evolution of the emission diagram of the THz radiation in the plane
of filaments, as a function of the temporal delay between the two laser pulses.
The two filaments are separated by d = 2 mm. Top row: calculations. Bottom
row: experimental results.

We have also studied the case of configuration B, when the direction of the transverse
external electric field is perpendicular to the plane of filaments and found results similar
to the ones presented in Figures 7.8 and 7.9.
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Extrapolation to the case of N parallel filaments

We have calculated the THz radiation distribution further for N = 4, 8, 9, 12 and
16 parallel filaments organized in a square grid in the presence of an external transverse
electric field (see an example in Figure 7.10). THz emissions from individual filaments
interfere constructively with each other if there is no temporal delay between the fila-
mentary laser pulses. The total THz energy is channeled along the direction of the laser.

Figure 7.10: Spatial orientation of (a) 2, (b) 4, and (c) 16 filaments we used in
our calculations.

The corresponding THz peak intensity scales like N2, as shown in Figure 7.11. The 3D
distribution of the THz radiation for 2, 4 and 16 parallel filaments is presented in Figures
7.12(a)-(c), respectively. The peak intensity in the case of 16 parallel filaments is found
to be ∼ 250 times larger than that of a single filament in the presence of the same exter-
nal electric field and more than 105 times higher than that of a single filament without
application of the external electric field. In principle, with a larger number of filaments,
the THz peak intensity may be increased further.

Figure 7.11: Dependence of the peak THz intensity on the number of filaments.
Squares – theoretical upper limit (quadratic dependence), Circles – maximum
value obtained in our calculations.
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Figure 7.12: Calculated THz radiation diagrams at 91 GHz from: (a) two
parallel filaments separated by 2 mm without temporal delay between the fil-
amentary laser pulses, (b) a square matrix of 4 parallel filaments separated
by 2 mm without temporal delay, (c) a square matrix of 16 parallel filaments
separated by 2 mm without temporal delay. Spatial orientations of filaments is
presented in Figure 7.10.

Simulations at other THz frequencies

Above, we have considered the THz emission at a frequency of ∼ 0.1 THz, because
it corresponds to the spectral component measured by our detector. However the THz
emission from filaments peaks at higher frequencies. In Figure 7.13 we show the temporal
waveform of a THz pulse and the corresponding spectrum obtained from a 5-mm-long
filament in air in the presence of an external electric field of 8 kV/cm. The THz waveform
was obtained by the standard time domain THz spectroscopy system based on a 1-mm-
thick ZnTe crystal (see Appendix A). The maximum of the THz power spectrum is at 0.5
THz. We therefore calculated the emission pattern at this frequency. In Figure 7.14(b)
the result for 0.5 THz is presented for two parallel filaments separated by 500 µm. Such
spatial separation was chosen to keep the ratio d/λ on the same order as for 0.1 THz
(d is the spatial separation between filaments, λ is the wavelength of the THz emission).
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Figure 7.13: (a) Temporal waveform of a THz pulse, emitted by a filament in
air in the presence of an external electric field of 8 kV/cm, measured by the
time domain THz spectroscopy system. The filament was induced by focusing
2 mJ, 50 fs, 800 nm laser pulses with an f = 20 cm lens. (b) Corresponding
spectrum of the THz field below 5 THz.

This parameter is important for the constructive interference. The THz radiation pattern
becomes narrower with higher THz frequency and thus the intersection area of two THz
emission from two filaments decreases, if the separation between the filaments is fixed. For
τp = 0 ps, the peak THz intensity is 4 times larger than that of a single filament with the
same external field (see Figure 7.14(a)), showing again complete constructive interference
when there is no temporal delay between the laser pulses. The behavior with an increasing
temporal delay between the laser pulses is similar to that of the case presented in the
Figure 7.9. It is periodic, but the period is different. The period corresponds to 1/νd,
where νd is the considered THz frequency. In Figure 7.14(c) the result for τp = 1 ps is
presented as an example.

We have also calculated the THz radiation distribution at 0.5 THz from N parallel
filaments, in Figure 7.14(d) the result for an array of 16 filaments is shown. We emphasize
that the strong enhancement of THz emission from an array of parallel laser filaments in
the presence of a transverse static electric field is achieved for all THz frequencies at
the same time because the condition of zero temporal delay needed for the constructive
interference applies at every frequency.
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Figure 7.14: Calculated THz radiation diagrams for the frequency of 0.5 THz
from: (a) single filament, (b) two parallel filaments separated by 500 µm with-
out temporal delay between the filamentary laser pulses, (c) two parallel fila-
ments separated by 500 µm with a time delay τp = 1 ps, (d) a square matrix
of 16 parallel filaments separated by 500 µm without temporal delay between
the filamentary laser pulses.

7.4 Conclusion

In summary, we have discussed the THz emission from femtosecond laser filaments
in air under the combination of two effects: the application of static electric field and
the organization of filaments into an array. An enhancement of THz radiation is found,
scaling like E2

ext in the presence of a static transverse electric field and scaling like N2

with N laser filaments organized in an array. With no temporal delay between the laser
pulses forming the filament array, the enhancement is the same at every THz frequency,
leading to strong broadband THz radiation in the forward direction. It is also possible
to direct the THz emission along preferential directions by playing with the time delay
between the laser pulses.
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General conclusion

In the thesis, the author’s work performed at the Laboratoire d’Optique Appliquée of
École Polytechnique during 3 years of the PhD enrollment is presented. It is mainly de-
voted to the study of the secondary radiation from femtosecond laser filaments: Ultraviolet
luminescence, backward stimulated emission and Terahertz radiation emitted by plasma
filaments. The obtained results are interesting in both points of view of fundamental
science and potential applications.

In the first part, we have presented a simple technique for direct experimental deter-
mination of the laser fluence and intensity inside a plasma filament. It is based on the
measurement of the laser energy transmitted through a variable diaphragm fabricated
by a filament itself on a thin metallic foil with cumulative laser irradiation. Once the
transmitted energy and the corresponding diaphragm size are measured, one can directly
calculate the laser fluence inside the filament. With an additional measurement of the
pulse duration, the intensity value can be estimated. A longitudinal scan along the fila-
ment provides a 2-dimensional characterization of the filamentary laser intensity. For a
1-mJ-energy laser pulse the peak intensity inside filament was measured to be≈ 1.44×1014

W/cm2, 2-3 times larger than those previously reported for similar experimental condi-
tions. We attribute this to an attainable spatial resolution of our method (≈ 50 µm)
which is much less than the filament diameter (≈ 150 µm). The obtained value of the
laser intensity inside filaments allowed us to explain our findings presented in the second
part. Our simple technique could find application in other intense laser-matter interac-
tion experiments where measurements of laser intensity distribution is desired, such as in
high-order harmonic generation or laser surface ablation.

In the second part, we have concentrated on the plasma luminescence and the stimu-
lated emission of laser filaments in air and nitrogen gas. We have demonstrated that the
luminescence emitted by neutral and singly ionized nitrogen molecules depends strongly
on the polarization state of the incident laser pulses. In the lower laser intensity regime
(I < 3× 1013 W/cm2), the emission from both neutral and ionic N2 molecules is found to
be stronger with linearly polarized laser than with circular laser polarization. At higher
laser intensity (I = 1.45× 1014 W/cm2), a circularly polarized laser pulse produces more
luminescence signal from the excited neutral N2 molecules while the luminescence of N+

2

molecules is found to be insensitive to laser polarization. For lower laser intensity, the
predominance of the luminescence from both species with linearly polarized pump is ex-
plained by the higher optical field ionization rate. At higher laser intensity, electron
collision-assisted excitation routes become available, due to the presence of free electrons
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with high kinetic energy left after the laser pulse. This collision-assisted mechanism leads
to an increase of population in the excited triplet state through direct collision excitation
from neutral molecules in the ground state with energetic electrons. For a laser intensity
reaching 1014 W/cm2, it is also believed to increase the population of the excited ionic
state.

We have analyzed the fluorescence in the backward direction and obtained a strong
stimulated radiation at 337 nm from plasma filaments in atmospheric-pressure nitrogen
gas pumped by a circularly polarized 800 nm femtosecond laser pulses. Existence of the
stimulated radiation is confirmed by the distinct dependence of the backward ultraviolet
spectrum on the incident laser polarization and intensity, the observed beam profile, and
the polarization property of the emission. We attribute the mechanism responsible for
the population inversion to inelastic collision between electrons liberated by the laser and
neutral nitrogen molecules. As in the case of plasma luminescence, this process is more
efficient with circularly polarized laser pulses.

To further confirm the existence of population inversion, we have injected a seeding
pulse (with a wavelength around 337 nm) in the opposite direction of the pump laser
pulses. The enhancement of the backward radiation intensity by a factor of ∼ 16 was
observed. The amplified lasing radiation inherits the polarization property of the seeding
pulse, and its divergence angle was found to be around 3.8 mrad, much less than that of the
backward ASE. The critical role of the pump laser polarization was also observed in the
seeded lasing regime, where intense lasing effect was only possible for circularly polarized
pump pulses. We believe that our findings on the filamentary plasma luminescence as
well as the proposed scheme for backward stimulated emission from filaments induced by
the widely available 800 nm femtosecond laser pulses can find potential applications in
remote sensing of atmosphere and characterization of electric field or THz radiation at a
long distance.

In the third part of the thesis, we have discussed the coherent synthesis of THz radia-
tion from an array of N parallel femtosecond filaments. This provides a simple technique
to scale up the THz intensity with high power femtosecond laser since the total THz in-
tensity is proportional to N2. With appropriate temporal delay between the filamentary
laser pulses, the THz emission can be directed along a preferential direction away from
the laser propagation axis, which is of a high interest for remote THz applications. Our
experimental results agree well with the numerical simulation. We have also examined
another geometric configuration of filaments in the form of a ‘Vee-antenna’. Such ‘V-
oriented’ filaments exhibit an interesting property to produce circularly polarized THz
emission.

Next, we have studied the effect of an external electric field (Eext) on the coherent
synthesis of the THz radiation from an array of parallel filaments. The THz radiation
was shown to scale like E2

ext in the presence of a static transverse electric field along with
a scaling up as N2 for N parallel filaments organized in an array. With zero temporal
delay between the filament-forming laser pulses, the enhancement is achieved at every
THz frequency, leading to strong broadband THz radiation in the forward direction of the
laser propagation axis. It is also possible to direct the THz emission along the preferential
direction by tuning the temporal delay between the laser pulses.
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Appendix A

Detection of Terahertz radiation

During the PhD study, we have built and tested several methods for the THz detection.
These schemes include the traditional heterodyne detection and the electro-optic sampling
method, as well as the THz detection based on the second harmonic generation in air
plasma. In this appendix the detailed results are presented.

THz detection schemes are largely classified as either coherent or incoherent techniques.
The fundamental difference is that for incoherent detection of electro-magnetic radiation
one measures the intensity of an electric field or an emitted energy, whereas coherent
detection allows to measure both the amplitude and the phase of the electric field (and
their temporal variations). Coherent detection techniques are closely associated with
generation techniques in that they share underlying mechanisms and key components.
In particular, optical techniques utilize the same light source for both generation and
detection.

A.1 Incoherent detection with heterodyne detector

The detection of an electromagnetic radiation is called incoherent when one detects the
intensity or the energy of the radiation. Commonly used systems of incoherent detection
are based on the principles of electronics (Schottky diodes), opto-acoustics (Golay cell),
calorimetry (Bolometer, pyroelectric detector).

The heterodyne detection is commonly used in telecommunications, astronomy and
microwave domain. It permits to measure continuous monochromatic radiation with high
sensitivity. In heterodyne detector, a signal of interest at a given frequency is non-linearly
mixed with a reference “local oscillator” that is set to a close-by frequency. A Schottky
diode mixer is commonly used for THz detection.

In the experiments we use a heterodyne detector operating at 91 GHz with a bandwidth
of 4 GHz, it thus corresponds to the lower limit of the THz band. Only a linearly polarized
component of the THz radiation is measured. The functioning of the heterodyne detector
is described in more detail in [Tzortzakis 02]. The response time of the detector is on the
1 − 10 nanosecond order, typical signal measured by the detector is presented in Figure
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A.1(b). In our experiments the detector is placed on a specially designed rotation stage
allowing the movement of the detector around a filament in the plane parallel to the
optical table. The rotation of the detector around its axis is possible as well, this allows
the THz polarization measurements.

Figure A.1: (a) Photo of the heterodyne detector used in the experiments. (b)
A typical THz signal measured by the detector. (c) Photo of the detector fixed
on the rotation stage.
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A.2 Coherent detection

The detection of the electric field of a coherent light pulse is a very important unique
feature of the THz frequency range (no other method to measure the temporal variation
of the electric field of the optical wave is yet available). For the coherent THz detection
a non-linear effect proportional to the THz electric field should be induced on an ultra-
short laser pulse. By characterization of the polarization modification of the laser pulse
one obtains the amplitude of the temporally coincident THz field. A laser pulse with the
duration of 50 fs is much shorter than a THz pulse (the order of 1 ps), and by tuning the
temporal delay between the two pulses (with construction of a delay line) one obtains the
total evolution of the field ETHz(t).

Electro-optic sampling

Electro-optic sampling uses the Pockels effect [Pockels 94] (also called linear electro-
optic effect), which describes the change in the refractive indices of a material propor-
tional to the applied electric field. This effect occurs only in crystals without inversion
symmetry [Yariv 89]. The detection of THz radiation by electro-optic sampling tech-
nique was presented for the first time in 1995 by Wu and Zhang [Wu 95]. After that
time it was used in numerous studies. The most frequently used electro-optic crystal is
zinc telluride (ZnTe) [Wu 96, Cai 98, Planken 01], it has the important feature that for
frequencies around 1 THz the THz pulse velocity is equal to the group velocity of the
radiation of the commonly used Ti:Sapphire laser (wavelength is around 800 nm), thus
it is possible to use rather thick crystals yielding large signals. However, because of its
optical phonon resonance, ZnTe can only be used for THz frequencies up to 4 THz and for
frequencies above 8 THz. For a higher bandwidth (up to 8 THz) one can use gallium phos-
phide (GaP) [Wu 97,Bartel 05]. Other materials used in experiments are lithium niobate
(LiNbO3) [Winnewisser 97], gallium arsenide (GaAs) [Cao 02,Nagai 04], diethylaminosul-
fur trifluoride (DAST) [Schneider 07], poled polymers [Cao 02], etc. The electro-optic
effect may be described in the terms of the inverse dielectric tensor ε−1 [Reimann 07].
With the presence of an electric field changes from its no-field value ε−1(0):

ε−1(E) = ε−1(0) + rE, (A.1)

where r is the electro-optic tensor of a third rank, the form of which is determined by the
crystal symmetry. For example, crystals with symmetry of the zinc-blende type (ZnTe,
GaAs) have only one non-zero independent tensor component rxyz = ryzx = . . . (i.e. only
the components with all different indices). Without an electric field the inverse dielectric
tensor is the same as for an isotropic medium, an intense THz pulse induce an instant
birefringence in the crystal which is directly proportional to the field ETHz(t). For the
crystal oriented for (110) one obtains the largest effect if the THz field is polarized parallel
to (11̄0) [Planken 01]. The inverse dielectric constant is different between the (11̄

√
2) and

the (1̄1
√

2) polarization directions. As soon as femtosecond laser pulse is send at the same
time as the THz pulse, in the crystal it undergoes a phase delay ∆φ between directions of
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its polarization components. The delay is proportional to the THz field [Dragomar 04]:

∆φ =
2πd

λ
n3
0rxyzETHz(t), (A.2)

there λ is the vacuum wavelength of the laser pulse, n0 is the refractive index at this
wavelength, rxyz is the electro-optic coefficient of the crystal and d is the thickness of
the crystal. Note, that the equation (A.2) is valid only if the group velocity of the
probe pulse vg equals the phase velocity of the THz pulse vp, this gives a limitation on
the thickness of the crystal (it should be considerably less than the coherence length
lcoh = cλTHz|v−1p − v−1g |). The phase delay ∆φ is most often measured with the setup
presented in Figure A.2.

Figure A.2: Schematic layout of the electro-optic sampling system for THz
measurements.

Passing through the crystal, polarization of the laser pulse remains linear without
THz field. Next the pulse comes to the quarter-wave plate at 45◦, which transforms the
polarization to circular. After this, a Wallaston prism (WP) splits the horizontal and the
vertical components of the polarization. The two beams from WP are detected by two
photodiodes (PD). An electronic circuit measures precisely the difference of the signals on
the two PDs. The difference equals zero without the THz field because the beam which
comes to WP is circularly polarized. In the presence of THz field the crystal exhibits
birefringence and the probe beam becomes elliptically polarized before entering the WP,
so on the signal measured by one PD (I1) becomes bigger than that measured by the
second PD (I2). Considering the phase difference of 90◦ induced by the quarter-wave
plate, the difference of the signals of the two DPs is proportional to the sine of the phase
difference ∆φ:

I1 − I2
I1 + I2

= sin(∆φ). (A.3)
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THz detection via electro-optic sampling in ZnTe crystal

For our work we have built a new EO sampling system based on a 1-mm-thick (110)
ZnTe crystal. The general layout of this system is presented in Figure A.2. This system
was built on a 1000 mm × 1500 mm optical breadboard. Therefore, it can easily be moved
from one laser system to another without complicated alignment requirement. A new data
acquisition software has been developed by the engineer of our lab (Pierre Zaparucha),
piloting the new stepping motor with a 20 nm resolution and the fast data acquisition
card. Photography of the optical part of this system is shown in Figure A.3. To optimize
the system, we always start with the THz generated by the two-color (800 nm and 400
nm) method. We have found that the two-color method typically produces ∼ 100 times
more intense THz field than that driven by a single 800 nm pulse.

Figure A.3: Photo of the THz EO sampling setup built during the PhD study.
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After optimization of the optical and electronic systems, we have obtained a THz
signal with a signal to noise ratio (SNR) around 7000, as presented in Figure A.4. This
data was obtained with a lock-in time constant of 300 ms with a 10 scans averaging. We
note also that with the new stepping motor, one scan of 500 data points can be achieved
in 2 minutes, so the data may be collected in a short time.

Figure A.4: (a) THz waveform obtained with our newly built THz EO sampling
system. The inset shows the noise level between -14 ps and -12 ps. The weak
peak around -11 ps is due to the presence of a pre-pulse in the laser system. (b)
Corresponding spectrum obtained by Fourier transform. The cut-off observed
around 5 THz is due to the intrinsic absorption of the ZnTe crystal.
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Figure A.4(b) shows the THz spectrum obtained by taking the Fourier transform of
the waveform in Figure A.4(a). The bandwidth of the detection extends up to around 4
THz, which is determined by the intrinsic phonon absorption of ZnTe crystal. To achieve
higher bandwidth, other methods such as air plasma detector should be implemented.

The THz field strength can be estimated from the modulation depth of the optical
signal detected by the balanced detector. In our experiment, we measured that the max-
imum modulation of the balanced photo-detector signal I1 and I2 measured at the peak
THz field, i.e., (I1− I2)/(I1 + I2), is 0.11 with one Si attenuator. The calibration relation-
ship between the optical modulation depth and the THz field strength can be expressed
(using eq. (A.2) and (A.3)) as

arcsin

(
I1 − I2
I1 + I2

)
=

2πL

λ
n3
0r41tZnTetSiETHz, (A.4)

where n0 = 2.85 is the refractive index of the ZnTe crystal for the THz radiation, r41
= 4 pV/m is the electro-optic coefficient and L = 1 mm is the thickness of the crystal.
Fresnel transmission coefficients are tZnTe = 0.46 for the ZnTe crystal and tSi= 0.7 for
the Si wafer. Based on the above equation (A.4), we estimated the maximum THz field
in our experiment to be ETHz = 170 kV/cm. We note that the maximum THz field is
certainly underestimated since the real spectrum width of the THz pulse is much broader
than the detection range of ZnTe crystal (as we will show in the next section).
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THz detection based on second harmonic generation

As it is widely known, air plasma can emit THz radiation. In an inverse manner, it is
possible to use air plasma as a THz detector. Several schemes have been demonstrated
by the group of Prof. X.-C. Zhang of Rochester University in the past few years [Dai 06,
Karpowicz 08a,Liu 10,Clough 13]. The advantages of this air plasma detector include its
large bandwidth due to lack of intrinsic material absorption and its capacity for remote
detection. We have tried to implement these different detection methods and to compare
them with the traditional detection based on EO sampling in ZnTe crystal.

In 2006 Dai, et al. presented a THz detection technique based on the four-wave mixing
mechanism in ionised air [Dai 06]. This method allows to measure the THz spectra
spreading from 0.1 to 10 THz.

In this scheme, a probe pulse at the wavelength of 800 nm was mixed with the THz
pulse emerging from the filament inside the plasma produced by the probe pulse itself
(“plasma 2” in Figure A.5), yielding a signal at the second harmonic frequency, 400 nm.
By measuring the harmonic signal as a function of the delay between the THz and the
ultrashort infrared pulse, one determines the waveform of the THz field, giving access to
the THz pulse duration and spectrum.

Figure A.5: Schematic setup for THz generation and detection based on the
detection of the second harmonic signal. THz wave is generated by mixing the
pump beam and its second harmonic from a thin type-I BBO crystal at the
first air plasma point, or by applying a transverse DC electric field on the same
plasma. The THz wave is detected by measuring the time-resolved SH signal
produced by mixing the probe beam and the THz field at the position of the
second plasma.
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By focusing the THz pulse with the probe beam fundamental (ω) pulse, an optical
field at the second harmonic frequency (2ω) is emitted, it is expressed as

Esignal
2ω ∝ χ(3)EωEωETHz, (A.5)

where χ(3) is the third-order susceptibility of air. Since E2ω ∝ ETHz, the intensity of
the measured second harmonic signal is proportional to the intensity of the THz wave:
I2ω ∝ ITHz. However the phase information is missing and the detection is thus incoherent.
To amend the analysis the second harmonic contribution generated inside the plasma by
a laser pulse has to be included. This contribution may be considered as a local oscillator
(LO) since it is independent from the THz field. One thus obtains the expression for the
second harmonic intensity:

I2ω ∝ (E2ω)2 =
(
Esignal

2ω + ELO
2ω

)2
= (Esignal

2ω )2 + (ELO
2ω )2 + 2Esignal

2ω ELO
2ω cos(φ), (A.6)

where φ is the phase difference between the Esignal
2ω and ELO

2ω .
Using the equation (A.5) one obtains

I2ω ∝ (χ(3)Iω)2ITHz + (ELO
2ω )2 + 2χ(3)IωE

LO
2ω ETHz cos(φ). (A.7)

The second term is the DC contribution from the LO and can be filtered out through the
use of a lock-in amplifier by modulating the THz beam (by installing a chopper to the
pump beam). The equation, thus, can be rewritten as

I2ω ∝ (χ(3)Iω)2ITHz + 2χ(3)IωE
LO
2ω ETHz cos(φ). (A.8)

Equation (A.8) predicts that, when the probe intensity is lower than the air ionization
threshold, the total second harmonic signal is dominated by the first term of the equation,
leading to I2ω ∝ ITHz. In this case the measured I2ω(t) is unipolar, and the detection is
incoherent. With the probe intensity much higher than the ionization threshold (≈ 5×1014

W/cm2, see [Dai 06]), the last term dominates. I2ω(t) is then proportional to the THz
electric field with a bipolar waveform, and the detection becomes coherent.

We have tested the above detection principle and obtained the results presented in
Figure A.6. The unipolar feature of the signal indicates that we were in the regime of
incoherent detection. The underlying reason can be that our probe pulse was limited to
less than 200 µJ. With a focal geometry of f/40, we cannot produce an intense plasma
for detection.
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Figure A.6: Time-resolved second harmonic signal measured in air plasma.

THz detection based on second harmonic generation in a biased plasma

The detection based on the second harmonic generation in air plasma has several
drawbacks: first of all, it is difficult to reach the same SNR as that of the EO sampling
method, furthermore relatively high laser intensity is needed for the coherent detection
by this method. To overcome the difficulties another method has been proposed by the
group of Prof. Zhang: by using the heterodyne detection technique the SNR may be
improved, the authors have presented the THz spectrum reaching 40 THz [Karpowicz 08a,
Karpowicz 08b]. The basic principle is to apply an AC external electric field to the optical
focus. A bias-field-induced second harmonic pulse, with field amplitude ELO

2ω is generated.
This additional second harmonic pulse mixes with the THz-field-induced second harmonic
pulse ETHz

2ω . The total second-harmonic intensity in terms of the time-dependent electric
fields has the following form:

I2ω ∝ 〈E2
2ω〉 = 〈(ETHz

2ω + ELO
2ω )2〉 = 〈ETHz

2ω

2〉+ 〈ELO
2ω

2〉+ 2〈ETHz
2ω ELO

2ω 〉. (A.9)

The THz-field-induced and the AC-bias-induced second harmonic can be written as, re-
spectively:

ETHz
2ω ∝ χ(3)IωETHz,

ELO
2ω ∝ χ(3)IωEbias,

(A.10)

where Ebias is the bias electric field. Using eq. (A.9) and (A.10) one obtains

I2ω ∝
(
χ(3)Iω

)2 [
(ETHz)

2 + (Ebias)
2 ± 2EbiasETHz

]
. (A.11)
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In this case the process can be interpreted in terms of heterodyne detection. With a
lock-in amplifier, the term proportional to ETHz can be easily isolated and the measured
second harmonic signal will be

I2ω ∝
(
χ(3)Iω(t)

)2
EbiasETHz. (A.12)

To check the validity of this approach the transverse AC electric field was applied to
the “plasma 2” area with field amplitude of up to 17 kV/cm. Figure A.7 presents the
measured THz temporal signal and the corresponding spectrum. Coherent detection is
clearly achieved, in view of the positive and negative signal. Moreover, two features can
be noticed. First, the measured spectrum extends up to 30 THz (Figure A.7(b)), which
is much larger than that obtained with the ZnTe crystal. Second, a large number of
sharp absorption lines can be observed in the spectrum. Most of these lines are due to
absorption by water vapor since all experiments were performed in atmospheric air. With
the conventional electro-optic detection, it is impossible to resolve all these absorption
lines due to the limitation in the detection bandwidth.

Figure A.7: THz signal (a) and corresponding spectrum (b) measured by means
of the AC-electric-field-biased plasma (field amplitude is 15 kv/cm, frequency
500 Hz). The fast oscillations in (a) are due to the absorption lines of atmo-
spheric water vapor, which is clearly revealed in the spectral domain.
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To further verify the validity of the equation (A.12), we have measured the second
harmonic signal as a function of the external bias electric field Ebias and of the laser
intensity Iω (assuming a linear dependence between the input energy and the intensity at
the focus). Figure A.8(a) presents the linear dependence of the second harmonic signal
as a function of the bias field, which confirms the linear dependence predicted by the
equation (A.12). Figure A.8(b) shows that the measured second harmonic signal increase
quadratically with the energy of the probe pulse. The good agreement between experiment
and the fit confirms again the validity of the equation (A.12).

Figure A.8: Measured second harmonic signal as a function of biased field (a)
and probe pulse energy (b). For the measurement in (a) the probe pulse energy
was 200 µJ. The bias field was 15 kV/cm for the measurement in (b).
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[Shneider 11] M. N. Shneider, A. Baltuška & A. M. Zheltikov. Population inversion of
molecular nitrogen in an Ar:N2 mixture by selective resonance-enhanced mul-
tiphoton ionization. J. Appl. Phys., vol. 110, no. 8, page 083112, 2011.

[Siegel 04] P. H. Siegel. Terahertz technology in biology and medicine. IEEE Trans.
Microwave Theory Tech., vol. 52, pages 2438–2446, 2004.

[Smith 88] P. R. Smith, D. H. Auston & M. C. Nuss. Subpicosecond photoconductive
dipole antennas. IEEE J. Quant. Electron., vol. 24, no. 2, pages 255–260,
1988.
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Rayonnements Secondaires Cohérents Émis lors de la
Filamentation Laser Femtoseconde

Résumé

La filamentation laser est un phénomène optique non-linéaire qui apparâıt spontanément au cours de la
propagation d’une impulsion laser ultracourte intense dans un milieu transparent, quand sa puissance
crête dépasse une valeur critique (quelques Gigawatts dans l’air). A un tel niveau d’intensité le faisceau
a tendance à se contracter en raison de l’effet Kerr optique jusqu’à ce que l’intensité devienne suffisam-
ment élevée pour ioniser le milieu, donnant naissance à un plasma de défocalisation. Par la suite, une
compétition dynamique entre ces deux effets a lieu, produisant un canal de plasma mince et faiblement
ionisé dans le sillage de l’impulsion. Depuis sa découverte en 1995, la filamentation laser femtoseconde
dans l’air a suscité un intérêt considérable en raison de la physique riche impliquée dans ce processus et
de la large gamme d’applications potentielles (détection à distance, conversion de fréquences optiques,
contrôle atmosphérique par laser, génération d’ondes Térahertz, etc.).
Cette thèse est consacrée principalement à l’étude des rayonnements secondaires cohérents émis lors de la
filamentation femtoseconde dans les gaz. Tout d’abord, je me suis intéressé à la luminescence ultraviolet
des filaments de plasma, qui est associée à les transitions de l’azote moléculaire neutre et ionique dans
un état excité. J’ai démontré que cette luminescence dépend fortement de l’état de polarisation des
impulsions laser incidentes. J’ai ensuite décrit et interprété pour la première fois l’apparition d’un gain
optique important observé vers l’arrière de la colonne de plasma dans l’azote. Ce gain apparait lorsque les
impulsions laser femtoseconde à 800 nm sont polarisées circulairement et à pression atmosphérique. Cet
effet constitue une étape importante vers la réalisation d’un “laser dans le ciel”. La dernière partie de la
thèse, porte sur la génération du rayonnement Térahertz par plusieurs filaments laser femtoseconde. Par la
synthèse cohérente du rayonnement Térahertz d’un réseau de filaments, j’ai ainsi démontré la possibilité
d’accroitre l’intensité Térahertz et de contrôler la directivité de ce rayonnement par l’organisation de
filaments multiples.

Mots clefs : Optique non-linéaire, plasma, filamentation, effet laser, rayonnement Térahertz.

Coherent Secondary Radiation from
Femtosecond Laser Filaments

Abstract

Laser filamentation is a nonlinear optical phenomenon which appears spontaneously during the propaga-
tion of an intense ultrashort laser pulse in a transparent medium, when the pulse peak power exceeds a
critical value (several Gigawatts in air). At such an intensity level the beam tends to collapse due to the
optical Kerr self-focusing effect until the intensity is high enough to ionize the medium, giving rise to a
defocusing plasma. Thereafter, a dynamic competition between these two effects takes place, leaving a
thin and weakly ionized plasma channel in the wake of the pulse. Following its discovery in 1995, fem-
tosecond laser filamentation in air has attracted considerable interest because of the rich physics involved
in the process and the wide range of potential applications (remote sensing, light frequency conversion,
laser-based weather control, Terahertz generation, etc.).
This thesis is devoted to the study of the coherent secondary emission from femtosecond laser filaments
in gases. First, the ultraviolet luminescence of plasma filaments, corresponding to transitions of excited
neutral and ionic molecular Nitrogen, is studied. I demonstrate that this luminescence depends strongly
on the polarization state of the incident laser pulses. I further report and interpret for the first time a
strong optical gain in the backward direction from plasma filaments created by circularly polarized 800
nm femtosecond laser pulses at normal pressure. This effect is a significant step towards the realization
of a “laser in the sky”. In the last part of the thesis, I discuss the Terahertz generation from multiple
femtosecond laser filaments in air. The coherent synthesis of the Terahertz radiation from an array of
filaments is demonstrated, showing the capability for energy scaling up and directionality control of the
Terahertz emission.

Keywords : Nonlinear optics, plasma, filamentation, lasing effect, Terahertz radiation.


	Preface
	I Properties of a plasma filament
	Filamentation of a femtosecond laser pulse in air
	Introduction to laser filamentation
	Basic principle of femtosecond laser filamentation
	Theoretical description of laser nonlinear propagation during filamentation
	Properties of filaments

	Measurements of laser intensity inside femtosecond plasma filaments
	Introduction
	Our method: results and discussion
	Conclusion


	II Ultraviolet emission from femtosecond plasma filaments
	Ultraviolet fluorescence from plasma filaments in air
	Introduction
	Plasma fluorescence of femtosecond laser filaments in air
	Conclusion

	Backward lasing of femtosecond plasma filaments
	Introduction: State of art
	Backward stimulated radiation from plasma filaments pumped by circularly polarized femtosecond laser pulses
	Externally seeded backward lasing radiation from filaments
	Conclusion


	III Coherent synthesis of Terahertz radiation from filaments
	Terahertz radiation from femtosecond laser filaments
	Terahertz radiation
	Generation of THz radiation by laser-induced plasma in air
	Transition-Cherenkov Terahertz emission from a filament
	Physical principle
	Theoretical model
	Electromagnetic emission from a single filament in the far field
	Conical distribution of the THz radiation


	Coherent synthesis of Terahertz radiation from filaments in air
	THz emission from an array of parallel filaments
	THz emission from ‘V-oriented’ filaments
	Conclusion

	Effect of an external electric field on the coherent Terahertz emission from multiple filaments
	Amplification of THz radiation from femtosecond laser filaments
	Theoretical model
	Experimental results and discussion
	Conclusion


	General conclusion
	Appendices
	Detection of Terahertz radiation
	Incoherent detection with heterodyne detector
	Coherent detection

	Personal references

	Bibliography

