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Laser filamentation is a fascinating phenomenon that occurs when an intense laser beam travels through transparent materials, in particular air. At sufficiently high power (TW in the near IR, GW in the UV), instead of spreading out like a regular laser beam, something remarkable happens: the laser beam becomes tightly focused, creating a thin and intense column of light called a laser filament. Laser filamentation is characterized by two main properties: (I) a high-intensity core that remains narrow over long distances beyond the Rayleigh range and (II) a low-density plasma channel within the core. In recent years, laser filamentation has gained significant attention due to its unique properties and wide range of applications. This dissertation will provide an introduction to laser filamentation and discuss beam profile measurements related to UV filaments. Additionally, the results of experiments involving the applications of laser filaments will be presented. It has been demonstrated vii that UV filaments can be utilized for laser breakdown spectroscopy, leading to higher resolution and accuracy. Furthermore, the phenomenon of air lasing induced by both UV and IR laser filaments was investigated. Finally, the potential application of UV filaments for guiding and triggering electrical discharges is studied.
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Comparison between the centroid (left) and the beam waist (rigth) of the beam profile of a He-Ne laser (for 49 successive images), with and without an aerodynamic window. The expanded He-Ne laser beam is focused with a 3 m lens. .

2.5

Experimental setup which is used for observing the spatial profile of the UV filaments. The beam is linearly attenuated by a grazing incidence plate (fused silica, 15 mm thickness, 150 mm diameter coated for maximum reflectivity at 

2.7

The beam profiles of UV filaments at different distances from the 9 m focusing lens. These beam profiles are captured by a digital camera recording the impact of the UV filament on a piece of paper. Different colors correspond to the fluorescent emission from the paper which is changing based on the impacted beam intensity. The white dots in the figure are related to multiple filaments. . . . . Picture of the new regenerative amplifier Ti:sapphire crystal chamber. . . . . .

2.13

Top) Topological configuration of the regenerative amplifier. The s-polarized 800 nm seed pulse is reflected from the surface of the Ti:sapphire gain crystal (as it is cut at brewster angel) towards the end mirror of the cavity. Then going through the Pockels cell it is switched to p-polarization to be trapped in the cavity. After a number of round-trips, the amplified pulse is extracted by rotating its polarization to s by the second Pockels. The s-polarized pulse is reflected by the thin film polarizer (TPF). With all focal lengths being equal, the ABCD matrix of this cavity is -1, implying that the beam size will adjust to the size of the gain volume in the crystal. Bottom) The focusing is performed with mirrors at an angle such that astigmatism introduced by the Brewster rod is compensated.

2.14 Picture of the regenerative amplifier cavity. Green: the path of the pump beam.

Red: the path of the 800 nm pulses. . . . . . . . . . . . . . . . . . . . . . 
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(a)

The schematic design of the gas feeding system including the gas manipulator. The input gas flow is controlled by a high-speed solenoid valve from Parker.

A skimmer is placed at the output flange of the second chamber just before the 8" valve. A nozzle is placed at the end of the input gas tube which is intended to eject gas in a coherent stream toward the skimmer. (b) The schematic design of the mirror manipulator and the mirror mount. The mirror is a 1" on-axis parabolic mirror with a 1" focal length from SORL that has been specially coated to be highly reflective for 266 nm and 800 nm laser filaments. . . . . . . . . 

3.1

Schematic diagram of nitrogen cations energy-levels. The transitions between B 2 Σ + g (upper) and X 2 Σ + g (lower) states are indicated with corresponding lasing wavelengths. . . . . . . . . . . . . . . . . . . . . . . .
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Operating principle of a streak camera. . . . . . . . . . . . . . . . . . .

3.3

Operation timing of a streak camera at the time of sweep. . . . . . . . . 
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5.3

Simulation results showing the electric field on the walls of the Faraday cage and also for the electrodes and power supply toroids. Simulations were performed with the assistance of J. Elizondo at Sandia National Lab. . . . . . . . . . .

5.4

Combination Laser filamentation is a form of nonlinear propagation that is characterized by two main properties: (i) a high-intensity core that remains narrow over long distances beyond the Rayleigh range, and (ii) a low-density plasma channel that exists within the core. Although the idea of a self-trapped beam of light was first proposed 1960s [1,2], laser filamentation gained significant attention with the development and availability of high-power ultrashort laser pulses. Even though the formation of laser filaments in liquids and solids has been reported [3][4][5], interest in laser filamentation was limited until 1995. In 1995 formation of laser filaments induced by both 800 nm [6] and 248 nm [7] laser sources was experimentally demonstrated for the first time. Filamentation was defined by Akhmanov [2] as a self-guiding phenomenon that can occur in transparent media with an intensity-dependent index of refraction. If the non-linearity of the medium is positive at moderate intensities (self-focusing), and saturates or turns over (self-defocusing) at higher intensity, a stable waveguide can be formed, which can exist for distances exceeding the Rayleigh range.

Laser filamentation has many applications including remote sensing [8][9][10], laser guided 1 Chapter 1. Laser filamentation electrical discharges [11][12][13][14][15], and air lasing [16][17][18][19][20].

Diffraction

During the propagation of a laser beam, diffraction takes place inevitably (even in a vacuum resulting in the transverse broadening of the beam. For Gaussian beams, a parameter that can be used to quantify this divergence is called Rayleigh length. The Rayleigh range is the distance over which the width of a Gaussian beam (with initial flat spatial phase)

increases by a factor of √ 2 during propagation. The diameter of a Gaussian beam after propagating over distance Z can be defined as a function of Rayleigh length Z R :

ω = ω 0 1 + ( Z Z R ) 2 (Z R = πω 0 2 λ ) (1.1) 
In this equation λ is the laser wavelength, and ω 0 is the beam waist of the Gaussian beam.

Self focusing

If the intensity of a light beam passing through a transparent medium (gas, liquid, or solid) is sufficiently high, the polarization of the medium cannot be assumed to be linearly proportional to the electric field, and nonlinear effects must be considered as represented in Eq. 1.2. In this equation ⃗ E is the electric field and χ (n) is the electric susceptibility of the order of n [21].

⃗ P = ε 0 (χ (1) ⃗ E + χ (2) ⃗ E 2 + χ (3) ⃗ E 3 + ... ) (1.2)
Air is a centrosymmetric medium and its χ (2) is equal to zero, and the first estimation for the ⃗ P is only dependent on χ (1) and χ (3) . The nonlinear index of refraction can be then written as:

n = n 0 + n 2 I (I = | ⃗ E| 2 , n 2 = 3χ (3) 4cε 0 n 0 2 ) (1.3)

Chapter 1. Laser filamentation

In this equation I is the intensity of the electric field, n 0 is the linear index of refraction, n 2 is the nonlinear index of refraction, and c is the speed of light. As seen in Eq. 1.3 the presence of the high-intensity light beam has modified the index of refraction of the medium which is now dependent on the intensity of the electric field. This phenomenon is referred to as the Kerr effect [22][23][24]. The value of n 2 for air is approximated to be equal to ≈ 3 × 10 -19 cm 2 /W for λ = 800 nm, which is much smaller compared to n 0 for air at the same wavelength [25]. This explains the necessity of the presence of the high-intensity laser pulses to observe a substantial difference in the propagation of laser pulses in air. The self-focusing of intense laser beams during propagation is a significant outcome of the Kerr effect. When a Gaussian beam travels through air, it encounters a region of higher index around its center, which causes the wavefront to deform and the beam to converge, similar to the effect of a positive lens as depicted in Fig. 1.1(a). On the other words, the Chapter 1. Laser filamentation medium will behave as a converging lens for the beam as it propagates. This self-focusing effect exhibits a cumulative characteristic: as the pulse propagates, it becomes increasingly focused, leading to higher intensity, which in turn enhances the Kerr effect and results in stronger focusing, and so forth [6,22,[26][27][28].

Plasma defocusing

As previously stated, a laser beam undergoing diffraction will spread out and diverge.

The competition between diffraction and the Kerr self-focusing effect can be defined by a threshold known as the critical power for self-focusing (P cr ). When the power of the beam is below P cr , diffraction dominates and causes the beam to continuously diverge. However, when the power exceeds P cr , the Kerr self-focusing effect outweighs diffraction and the beam self-focuses as it travels. The critical power for a Gaussian beam at a wavelength λ 0 can be expressed as [1,23,24,28]:

P cr = 3.77λ 0 2 8πn 0 n 2 (1.4)
If the power of a beam exceeds P cr , it will experience the self-focusing cumulative effect and converge towards a theoretical point of infinite intensity. The distance that a beam of power P needs to travel to reach this point is determined by the formula developed by

Marburger [24,29,30]:

Z = 0.367Z R ( P Pcr -0.852) 2 -0.0219 (1.5) 
In the above formula, Z R is the Rayleigh length of the Gaussian laser beam and the distance Z is measured from the beam waist of the Gaussian beam. In a laboratory setting, the self-focusing distance may be excessively long depending on the beam's size and power.

To mitigate this, it is common practice to use optics with a focal length to focus the beam.

This modification reduces the self-focusing distance. Although the emergence of a singularity of infinite intensity is predicted, it is not a physical phenomenon and has never been observed. The increasing intensity triggers new processes that prevent its appearance.

These processes will be addressed in the following section.

Plasma Defocusing

When the self-focusing of a beam significantly reduces its size, the electric field within the beam becomes strong enough to ionize the air it passes through. The main effect that will take place to hinder the collapse of the beam is the ionization of the medium by the laser field that happens at high intensity. The ionization mechanism is discussed in detail in Section 1.2. The ionization of air will result in the generation of plasma. The under-dense generated plasma is believed to have the same number of free electrons and ions. Since free electrons are only minimally affected by the restoring force during their interaction with the incident electromagnetic field, their motion can be modeled using the Drude model.

Using this model, the refractive index of the plasma can be expressed as [6,23]:

n = n 0 - e 2 ρ 2 m e ε 0 ω 2 (1.6) 
In Eq. 1.6 ρ is the electron density in the plasma, m e is the mass of the electron, c is the speed of the light, and ω is the laser frequency. For a Gaussian laser beam, the intensity profile is non-uniform, with greater intensity at the center. Since ionization effects depend on intensity, more electrons will be created at the beam center than at the edges. According to Eq. 1.6, this higher electron density will reduce the optical index, resulting in the plasma acting as a diverging lens as depicted in Fig. 1.1(b). This effect becomes more significant as intensity increases, opposing self-focusing and preventing the occurrence of the infinite intensity singularity [22,23,31].

During the propagation of a high-power laser pulse, diffraction, self-focusing, and plasma defocusing are going to compete with each other. A simplified explanation of this competition is as follows. Initially, the beam intensity is too weak to ionize the air and self-focusing occurs, gradually increasing the intensity. At a certain threshold, the intensity becomes high enough to generate a plasma, which causes plasma defocusing that surpasses the Kerr self-focusing and reduces the intensity. With the intensity decreased, self-focusing takes over again, refocusing the beam for a second time, and so on. These Chapter 1. Laser filamentation cycles can repeat over a considerable distance, as shown in Fig. 1.1(c). These cycles of focusing and defocusing results in the formation of a thin light channel of high intensity that keeps a constant diameter over a long distance. This phenomenon is called laser filamentation. It should be emphasized that in reality laser filament is a continuous plasma channel, and there is no switching between zones with and without plasma, as the competition eventually reaches a quasi-equilibrium between the three effects [6,[26][27][28]31].

Self-induced waveguide versus moving focus

In the case of femtosecond mid-IR filaments, multiple observations of a well-defined clamping intensity have clearly established [32] that these filaments involve a balance between Kerr focusing, diffraction, and plasma defocusing. There have been persistent claims that self-induced waveguide doES not exist in the case of a longer pulse, invoking the moving focus model [33,34]. Perhaps the most convincing example of a self-induced waveguide has been achieved with low power CW light. In that demonstration sketched in Fig. 1.2(a), a laser beam is focused in a cell containing a suspension of dielectric spheres.

The dipolar force on the spheres being proportional to the gradient of the field, spheres of higher index of refraction than the liquid migrate towards the center of the beam, creating a focusing effect similar to Kerr lensing. The Brownian motion counterbalances the lightinduced concentration, akin to plasma defocusing in the case of fs filaments. The dielectric spheres are either latex spheres of the order of 100 nm diameter, or oil spheres of 40 nm in micro-emulsions. This experiment can be seen as a scaling up in time and space of the optical filaments in air. The electrons responsible for the nonlinearity in air are replaced by microscopic spheres. Interestingly, the giant nonlinearity of the micro-emulsion has a time constant of the order of minutes, and one can observe in real-time the collapse and channeling of the beam as it enters the liquid cell.

It remains that the moving focus model has explained satisfactorily the filament-like Chapter 1. Laser filamentation rosary of glass beads produced by self-focusing of a Q-switched pulse in a transparent material [33,35]. The "moving focus" model is explained by the sketch of One may wonder whether the moving focus model should apply to the UV filament, which is closer to nanosecond than femtosecond. The experimental answer to this question is to enter the nonlinear medium with a beam focused down to the diameter of the filament.

There is no possibility of moving focus if at the edge of the nonlinear medium the beam has already been focused. This experiment is described in Section 2.3, where the beam is focused in vacuum, and launched into the atmosphere through an aerodynamic window. At longer wavelengths, the intensity required for N photons to stack themselves out of the potential well of the gas molecule gets comparable to the intensity required to tunnel out of the potential wall created by the distorted potential surface. In contrast to the case of multiphoton ionization, the tunneled electron is released at the other side of the wall with zero velocity.

The distinction between multiphoton and tunnel ionization is quantified by the "Keldish parameter" γ [36]:

γ = I p 2U p , (1.7) 
where U p is the ponderomotive energy or the the average kinetic energy of a free electron oscillating in the laser field. If e and m e are the charge and mass of the electron; ω the (angular) frequency of the light field of amplitude E:

U p = e 2 E 2 4m e ω 2 . (1.8) 
U p expressed in eV as a function of the light intensity I ℓ in W/cm 2 and the wavelength λ in microns is:

U p = 9.33 • 10 -14 I ℓ λ 2
(1.9)

In the "quasistatic limit" of γ < 1 the dressed Coulomb barrier is essentially static as seen by the electrons and the method of releasing the electrons is dominated by tunneling. For γ > 1 the electron release is most likely described by photon absorption, and multiphoton features are more dominant [37]. The difference between tunneling and multiphoton is experimentally recognized in measurements of velocity mapping imaging (VMI)

where the electron momentum distribution following ionization is measured [38]. These Chapter 1. Laser filamentation measurements show that at 800 nm where γ ≈ 1, the electron is released with approximately zero velocity and there is no evidence of ATI. One concludes therefore that tunnel ionization corresponds to γ ≤ 1. A tunneled electron leaves its parent atom/molecule instantaneously along the direction of light polarization, at the moment of ionization, with zero velocity [39]. The electrons leave the atom from a Rydberg state that typically has an orbit radius one order of magnitude larger than the atomic radius. Formulae can be found in the literature for the tunneling rate and the ratio of electron production for various polarizations [40,41]. The trajectory of the electron released near a peak alternate of the laser field can be calculated classically. In the case of linear polarization, it is easily seen that the released electron remains in the vicinity of the molecule, which implies that recollision is possible, leading to attosecond pulse generation [42]. In the case of circular polarization, the electron drifts away from the parent molecule.

From photoionization to avalanche ionization

As a high-intensity beam above critical power starts to focus in the atmosphere, it creates a low density plasma by multiphoton ionization. In the intense light field, the photoelectrons will gain energy by inverse Bremsstrahlung [43]. The rate of energy gain dW/dt depends on the optical frequency, being proportional to the square of the wavelength. The accelerated electrons can collide with neutral molecules, thereby increasing the plasma density by collisional ionization. This is the avalanche process leading to full ionization of the medium. The additional influx of electron will perturb the delicate balance between self-focusing and defocusing that leads to a filament. A filament equilibrium between selffocusing and defocusing by photoionized electrons is possible before the electron density gets dominated by collision ionization. A characteristic parameter is the time required for the electron energy to reach the the ionization energy of oxygen.

The electron-ion collision rate being ν ei = 1.07 × 10 11 s -1 [44], an electron will gain Chapter 1. Laser filamentation an energy U p in the time interval 1/ν ei between collisions. The energy gain dW in a time interval dt due to inverse Bremsstrahlung can be estimated as:

dW dt ≈ U p ν ei ≈ •10 -2 I ℓ λ 2 (1.10)
where we have used the units of Eq. (1.9), and expressed the collision time in ps. A rough estimate for the time ∆t needed to reach the ionization potential of 12.2 eV (oxygen) is

∆t = 1.22 • 10 15 I ℓ λ 2 (1.11)
For the typical 50 TW/cm 2 at 800 nm, Eq. (1.11) indicates that the pulse duration should be small compared to 40 ps to prevent collisional ionization from affecting the balance between self-focusing and plasma self-defocusing. This limit increases to 40 ns for a 0.5 TW/cm 2 at 250 nm.

In the case of fs near IR filaments, a number of phenomena can contribute to balancing the self-focusing effect: creation of an electron plasma, energy loss due to pulse-splitting or conical emission, and higher order nonlinearities. In the case of long-pulse UV filaments, this balance is entirely provided by the creation of electrons due to multiphoton ionization which is a purely intensity-dependent mechanism. Knowing that UV filaments consume 40 µJ per meter of propagation [45] one should be able to increase the length of UV filaments by increasing the pulsewidth of the UV laser beam.

Filament stability versus order of ionization

To have a stabilizing effect on the beam (or filament) diameter, the plasma self-defocusing should have an intensity dependence of higher order than the Kerr effect. It is clear from the theory of Section 1.3 that three-photon ionization is the lower order possible. The wavelength dependence of filamentation has been studied in ZnSe [46]. The wavelength was varied from a condition of three-photon excitation of the conduction band to five Chapter 1. Laser filamentation photons. The spectral bandwidth of the filamented pulses as well as the length of the fluorescence track was seen to increase with the order of ionization. Multiphoton absorption was cited as a major contributing factor for increased losses at low order. The situation is different in dry air where an energy loss of only 40 µJ/m was measured [45] for 248 nm filaments with pulses of 1 ps duration. These measurements were made in the 5% humidity atmosphere of New Mexico. The situation is different in humid air, where a two-photon resonance enhanced ionization was identified [47]. The initial excitation proceeds via the two-photon resonant transition in water vapor C1 B 1 ← X1 A 1 . This excitation is followed by single photon ionization from the C1 B 1 , the rate of which is enhanced by a resonance with the molecular-ionic transition 2 A 1 (3a -1 1 ) ← C1 [47]. Because of the plasma defocusing, the intensity of a single filament is clamped. Consequently, a 800 nm filament of about 100 fs will have its energy typically clamped around 1 mJ. Because of the high intensity in the filament core, it loses its energy through nonlinear effects (in particular by generation of broadband conical emission). These energy losses limit the propagation distance of the single 800 nm filament to a distance of the order of a meter. The "brute force" method to extend the range of filaments is to use a high energy pulse as an initial condition. For instance, a pulse of 1 J energy will generate approximately 10 3 filaments distributed over the initial beam diameter and covering a distance that can exceed 100 m. An approach to extend the range of filaments, proposed initially for UV pulses [44], is to downchirp the initial pulse so that it can be compressed by propagating through the atmosphere which has positive dispersion. This method of postponing the start point of a filament is well adapted to broadband fs pulses and has been demonstrated over a distance of 1 km [48] with 800 nm pulses. While the dispersion of the atmosphere is larger in the UV, the narrow bandwidth of a 100 ps pulse precludes the application of this technique of temporal focusing to long UV pulses.

Single filament propagation versus wavelength

There has not been a systematic study of filament properties versus wavelength, because of limited access to high-power sources in multiple wavelength ranges. the intensity required for creating the defocusing plasma is higher. Because of intensity clamping, the energy of the filamented pulse decreases by 3 orders of magnitude between the UV and infrared. Losses are mostly linear in the UV (ozone absorption, Rayleigh scattering) and nonlinear in the infrared due to the high intensity [53].

Physical parameters relevant to UV filaments formation 1.3.1 Conditions particular to long UV pulse

The time to reach avalanche being of the order of tens of ns, as shown by Eq. (1.11), one might search for a condition where the interaction of light with air reaches a steady state.

Under constant electric field of the light, the dynamics of the evolution of the electron Chapter 1. Laser filamentation density depends on the ionization cross section σ (3) , the recombination rate β ep , and the rate of attachment of electrons to oxygen γ. In the approximation that the number of electrons remains small compared to the number of neutrals, the equation for the generation of electrons is:

dN e dt = N 0 σ (3) I 3 -β ep N 2 e -γN e , (1.12) 
where I is the laser field intensity and N 0 is the density of oxygen molecules in air. Measurement and calculation of the parameters σ (3) , β ep and γ are presented in Section 1.3.2 that follows.

What is remarkable about UV filaments? 

It
N eq = -γ + γ 2 + 4β ep N O σ (3) I 3 2β ep = 4β ep N O σ (3) I 3 2β ep 1 + 1 2 γ 2 (4β ep N O σ (3) I 3 ) - γ 2β ep . (1.13)
The last term of this expansion contains no field dependence, and will be ignored since it contributes only to the linear polarization. Figure 1.6 indicates that 75% of this value is reached after 2 ns. This justifies using a steady state approach for calculating the energy density when pulses have a duration between 2 and 40 ns.

The nonlinear polarization amplitude contribution from the electron plasma is:

P N L = ϵ 0 ω 2 p ω 2 E = ϵ 0 ω 2 N e e 2 m e ϵ 0 E, (1.14) 
where ω p is the plasma frequency and m e the electron mass. One notes that, with a threephoton absorption, the nonlinear index due to the plasma is only proportional to the power 1.5 of the intensity. Three photon ionization is the lowest order multiphoton process to create a plasma stabilizing the n 2 I of Kerr self-focusing. If the attachment coefficient to oxygen γ is neglected, the nonlinear polarization of Eq. (1.14) corresponds to a nonlinear index

∆n = ω 2 p ω 2 = N e e 2 ω 2 m e ϵ 0 ≈ β ep N O σ (3) I 3 2β ep e 2 m e ϵ 0 ω 2 (1.15)
Neglecting the attachment coefficient to oxygen will lead to a simple eigenvalue equation for the UV steady-state pulse, an extension of the Townes soliton.

1.3.2 Determination of σ (3) , β ep and γ

A self-defocusing associated with the photoelectron plasma is crucial in preventing the collapse of the beam through Kerr self-focusing. The ionization energy of oxygen being Chapter 1. Laser filamentation 12.2 eV, at the wavelength of 266 nm (4.66 eV), three photons are needed to extract the electron from the oxygen:

O 2 + 3hν → O + 2 + e - (ε=1.92eV ) (1.16)
At wavelengths shorter than 300 nm, the density of electrons is critically dependent on three parameters: the three-photon ionization cross-section of oxygen σ (3) , the recombination rate of electrons β ep , and the attachment coefficient γ of electrons to neutral oxygen to form a negative ion.

Negative oxygen ions

The negative oxygen ion (O -) plays an important role in reducing the number of photoelectrons created by the ionizing pulse. It can be created by simple inelastic collision of the oxygen molecule with an electron of energy >6.5 eV:

O 2 + e -→ O -+ O. (1.17)
This two-body attachment requires that the plasma has been heated up to ≈ 6.5 eV by inverse Bremsstrahlung. A second process that results in the creation of O -at low electron temperatures consists in a cascade of two reactions: a two-photon dissociation of O 2 in two oxygen atoms, followed by the attachment of the previously formed electron with one oxygen atom. This latter reaction, unlike the attachment of the electron with O 2 , requires only an electron with kinetic energy of 1.5 eV. The the reaction sequence is:

O 2 + 2hν → O + O (1.18) O + e - (ε=1.92eV ) → O -+ hν (1.19)

Pump-probe experiments on O -

Attachment to oxygen

The conventional approach to photo-ionization measurements is to irradiate the molecules Chapter 1. Laser filamentation in a low pressure cell, and to measure the charges collected on electrodes. Since the parameters are needed to model filaments in air, the approach chosen here is to study oxygen at a pressure as close as possible to atmospheric pressure [55].

In the experimental set-up sketched in Fig. 1.7, the concentration of O -is monitored through the absorption of a He-Ne laser beam. The single photon photodetachment spectrum of O -indicates an absorption cross section of 6 • 10 -18 cm 2 [56] in the wavelength range from 350 nm to 620 nm. The photodetachment reaction is: pure oxygen is used1 . An ionizing pulse is provided by the fourth harmonic (266 nm) of a Nd:YAG laser, with a pulse duration of 3 ns and an energy from 20 to 300 mJ at 2

O -+ hν → O + e - (1 
Hz. The 633 nm intensity is monitored at the same time as the energy of the UV pulse with detectors D1 and D2, respectively, after passing through corresponding interference filters, and for two different pressures (1 and 2 atmospheres). In the presence of ionizing Chapter 1. Laser filamentation radiation, the induced absorption coefficient α(t) can be recorded as a function of time: indicating a 1/e decay of 620 µs. After deconvolution for the response time of the detection, the lifetime of the O -is found to be τ o = 590 µs. At electron energies below 6.5 eV, the two-body attachment process of Eqs. (1.18) and (1.19) dominates. Three body attachment reactions involving nitrogen and oxygen can also be considered but are negligible Chapter 1. Laser filamentation above 1 eV electron temperature [55]. The contribution of the two-body attachment to the decay of the electron population is γ = η att [O 2 ] where [O 2 ] is the concentration of oxygen and η att is given by [57]:

α(t) = - 1 L ln D 1 D 2 ≈ 1 L 1 - D 1 D 2 , ( 1 
η att = 2.75 × 10 -10 T -0.5 e e -5 Te cm 3 s -1 (1.22)
where T e is the temperature of the electrons expressed in eV. Choosing T e = 2 eV leads to

γ = 1.5 • 10 8 .

Photoionization cross section

The 3.0×10 -29 cm 6 s 2 J -3 [36] and published experimental data [45,53,58].

Summary of the parameters used for the plasma defocusing

parameter σ (3) β ep γ value 3 • 10 -41 1.3 • 10 -14 1.5 • 10 8 Unit m 6 s 2 J -3 m 3 s -1 s -1

Outline

In this section, the outline of the next chapters of the dissertation is introduced. Chapter 2 focuses primarily on UV filaments and their corresponding measurements. UV filaments are generated by UV laser pulses with a duration of 200 ps and an energy of up to 300 mJ, operating at a wavelength of 266 nm. The chapter explores the impact of different Towards the end of the chapter, a comprehensive description is provided for the design and various components of the developed Velocity Map Imaging (VMI) setup which is adapted to the study of filaments.

In the next chapter, the application of laser filamentation towards "Air Lasing" will be studied. "Air Lasing" is a phenomenon that was first proposed in 2003 based on the observation of amplified emissions in a femtosecond laser filament. Since then, it has garnered significant attention due to its potential applications. The concept of air lasing differs from that of conventional lasers, as it enables remote mirrorless (no-cavity) optical amplification in ambient conditions. The mechanism behind the generated gain in this phenomenon is still the subject of heated debate. Various air constituents have been proposed and investigated as potential gain media for air lasing. Among these candidates, the transitions Chapter 1. Laser filamentation of the nitrogen cation N 2 + are of particular interest, with two transitions corresponding to wavelengths of 391 nm and 428 nm being investigated. In this study, we employed a streak camera to measure the time-and space-resolved dynamics of N 2 + emission from a self-seeded femtosecond 800 nm filament. The measurements were conducted on 800 nm laser filaments prepared using two different focusing lenses, with focal lengths of 10 cm and 40 cm. The Rayleigh scattering, which is enhanced by small water droplets, provided an accurate time origin for temporal measurements. To eliminate the effect of the response function of the streak camera, a de-convolution process was performed using MATLAB.

Our unique capability of sub-picosecond timing resolution, along with absolute timing measurement using Rayleigh scattering, enables us to report accurate measurements of the timing and temporal profile of the N 2 + emissions. It has been observed that these emissions exhibit a delay with respect to the ionizing 800 nm laser filament. Our study suggests that the fast decay and high peak gain observed in air lasing are due to the collective emission introduced by Dicke in 1954. The temporal behavior of the pulse as a function of density agrees with the predictions of superfluorescence. Therefore, it can be concluded that the collective emission and spatial distribution of the plasma need to be considered for applications in remote source design using N 2 + as a gain medium.

Chapter 4 investigates Laser Induced Breakdown Spectroscopy (LIBS) via UV filaments. After providing an initial overview of LIBS, the chapter investigates the intriguing self-absorption phenomenon in LIBS, shedding light on its mechanisms and implications for achieving enhanced detection precision. Self-absorption occurs when the emitted radiation from the hotter core of the laser-induced plasma is absorbed by the outer colder layers of the plasma, leading to a decrease in the intensity of the emitted spectral lines. Due to the lower electron number density in the outer layers compared to the plasma core, the absorption line profile is not affected by Stark broadening and is narrower than the emission profile, creating an absorption dip in the emission line. Importantly, self-absorption dips are more likely to occur at higher pressures, including atmospheric pressures, due to the greater confinement of the plasma, resulting in an inhomogeneous plasma. The Chapter 1. Laser filamentation chapter investigates LIBS spectra from multiple samples at atmospheric pressures and demonstrates that self-absorption dips exhibit a significantly smaller Full Width at Half Maximum (FWHM) compared to the typically broad emission lines observed under these conditions. It has been shown that by utilizing the narrower self-absorption dip, it becomes possible to resolve isotopic shifts on the order of tens of picometers, which is typically not achievable via emission lines at atmospheric pressures. Moreover, in contrast to the emission lines, the self-absorption dip is not Stark shifted, offering better accuracy in LIBS measurements. The effect of laser wavelength on the self-absorption dip is also examined, revealing that when using UV filaments, the self-absorption dips appear at much shorter delays relative to the ionizing laser pulses compared to IR laser pulses. Furthermore, this chapter quantitatively studies the temporal evolution of the self-absorption dip in a selected line of Uranium. The evolution of the plume and the propagation of the created shock-waves are also investigated using the shadowgraphy technique. Overall, our findings demonstrate that by harnessing self-absorption dips in LIBS through the use of UV filaments, we can achieve higher resolution and improved accuracy in measurements. This provides promising opportunities for precise elemental analysis and quantitative measurements in LIBS.

The final chapter of the thesis focused on the study of triggering and guiding highvoltage electrical discharges by UV filaments. Since their invention, researchers have investigated lasers as potential candidates for guiding and triggering electrical discharges.

The effectiveness of UV filaments in triggering and guiding electrical discharges over different gap distances, ranging from 5 cm to 38 cm, was investigated. It was concluded that UV filaments produce transient conductivity twice as large as 800 nm filaments, and they achieve laser-induced discharge at less than half the self-breakdown voltage compared to a 20-30% reduction for IR filaments. The development time of guided discharges over long distances ranges from tens to hundreds of µs, depending on the gap, while the plasma's lifetime is on the order of tens of ns. Therefore, it can be concluded that rather than being guided by the conductivity of the plasma, the guiding mechanism in filament-induced dis-Chapter 1. Laser filamentation charges is the air rarefaction through the low-density channel left behind after the filamentgenerated shock-wave propagates outwards. In an attempt to achieve plasma-guided discharge, we combined UV filaments with two other laser pulses. A 10 ns frequency doubled Nd:YAG laser at 532 nm was chosen for photodetaching O -, and a Nd:YAG laser at 1064 nm for plasma heating. The study measured two main factors to investigate the contribution of adding the two laser pulses: the discharge probability and the delay between the discharge and the arrival of the UV filament. However, the high-power photodetaching nanosecond laser pulses at 532 nm and the plasma heating pulses at 1064 nm had no effect on the discharge probability and the delay of discharge with respect to the UV laser filament. Additionally, the study investigated the effect of absolute humidity on laser-induced discharges, concluding that the discharge probability and average delay are dependent on the absolute humidity. As the humidity increases, the discharge probability increases, and the average delay decreases.

Chapter 2

UV laser filaments

Introduction

Laser filamentation is a phenomenon that has caught a lot of attention during the past decades and has many applications including remote sensing [1][2][3][4], laser guided electrical discharges [5][6][7][8][9][10], and air lasing [11][12][13][14][15]. Filamentation was defined by Akhmanov [16] as a self-guiding phenomenon that can occur in transparent media with an intensity dependent index of refraction. If the non-linearity of the medium is positive at moderate intensities (self-focusing), and saturates or turns over (self-defocusing) at higher intensity, a stable waveguide can be formed, which can exist for distances exceeding the Rayleigh range. Such stable waveguides were observed in liquids at very low optical powers, exploiting the nonlinearity of micro-emulsions [17]. One requirement for observing nonlinear collapse and filamentation is that the beam power exceeds the critical power for self-focusing [18,19]. Since the power required in air is in excess of 12 GW at 800 nm, atmospheric filamentation was first demonstrated with femtosecond pulses of several mJ energy from amplified Ti:sapphire lasers [20]. Since the critical power for self-focusing is much lower in the UV (13 MW at 250 nm [21], filamentation in air was also observed Chapter 2. UV laser filaments with sub-mJ pulses os 1 ps at 248 nm [22]. Another requirement for filamentation is that the pulse duration be shorter than the time required to heat the photo-excited electrons by

inverse Bremsstrahlung to the ionization potential. This time being in the ns range at 250 nm and in the ps range at 800 nm makes it possible to carry much higher energies in UV filaments than in IR filaments [10,23]. For the same amount of loss, the larger reservoir of energy in the shorter wavelength pulse will take longer distances to be depleted by losses.

The length of a single-Near Infra-Red (NIR) filament is mainly limited by nonlinear losses (for instance generation of conical emission). In the case of the less intense UV filaments, a loss of 60 µJ/m was measured [4,23], which is a very small fraction of the tens of mJ energy of the 170 ps UV pulse that are investigated here.

The UV laser source is briefly introduced in Section 2.2. Different beam preparation techniques leading to different filamentation are presented in Section 2.3. Measurement of beam profiles presented in Section 2.4 involve either high-power linear attenuators, shadowgraphy, or impact measurements.

Laser source

Most ultrashort/intense laser pulse sources start from an oscillator generating fs pulses that are subsequently stretched to ps for amplification. In an effort to create a more robust laser source, we start with a Q-switched ns oscillator-amplifier Nd:YAG system, a workhorse of the laser industry. A Q-switched injected-seeded Nd:YAG oscillator generates single longitudinal mode, 10 ns pulses with a repetition rate of 1.25 Hz [24]. After amplification through a 6-stage single-pass Nd:YAG amplifier, the energy of the 1064 nm pulses increases up to about 3.5 J. These pulses are frequency doubled to 532 nm through a LBO crystal (Laser Cristal, France) [25]. The 532 nm pulses with energy of up to 2.4

J are compressed by stimulated Brillouin backscattering in two water cells arranged in an oscillator-amplifier configuration [26,27]. The phonon lifetime limit of water at 532 nm 

Beam preparation 2.3.1 Introduction

For the purpose of filamentation the source presented in the previous section presents two major challenges. First, the unstable cavity of the oscillator creates a super-Gaussian beam profile. Second, the spatio-temporal energy profile of the beam issued from the oscillator and amplifier is curved. The latter results in an undesirable energy spread along the propagation direction in a focused beam.
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The supergaussian profile is ideal for obtaining high energy from the oscillator and amplifiers, as well as for harmonic generation. It is well known however that such a beam results in the formation of multiple filaments distributed along a circle [29]. This filament configuration remains the same for all focusing geometry, because the nonlinear lensing dominates before the far field pattern from diffraction is achieved.

A typical profile of the 266 nm beam is shown in Fig. 2.2(a). an "air window" can be created in the expansion chamber of a supersonic nozzle. Another property of this window is that it does not introduce beam pointing instabilities and turbulence that would perturb the nonlinear focusing, defocusing and guiding.

The purpose of using a focused beam in vacuum as initial condition is twofold. First it serves at eliminating the high spatial frequencies prior to entering the nonlinear medium.

Second, it serves to establish the existence of filaments as self-guided non-diffracting entities, as opposed to a moving focus. The latter phenomenon relates to damage tracks produced in transparent solids by intense nanosecond pulses [30]. As the pulse power increases beyond the critical power along the leading edge of the pulse, the self focus recedes from infinity to a shortest distance reached at the peak of the pulse. There is no possibility of moving focus if the initial condition at the edge of the nonlinear medium is a waist of the size of the observed filament. 

(b) (c) (a) (d) (a)

The aerodynamic window

Aerodynamic windows were first developed in the 70's as windows for very high power CO 2 lasers [31]. In an aerodynamic window a supersonic flow of air is forced through a narrow nozzle. As the air flows through a curved expansion chamber, it creates a pressure Chapter 2. UV laser filaments gradient from vacuum to atmospheric pressure which results in the effective separation of the low vacuum chamber (pressure of about 10 torr) from atmosphere [31,32]. The profile of the air channel cut in an aluminum block is shown in Fig. 2 
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Beam pointing stability

The fact that a supersonic air flow is used to generate the pressure gradient in an aerodynamic window may rise suspicion about the stability of a laser beam going through such a window. In order to address this issue an expanded He-Ne laser focused with a 3 m lens is used to investigate the beam pointing stability through the aerodynamic window m from the exit point of the aerodynamic window by a high resolution camera and saved for further processing. We compare the centroid or the center of gravity (x) and the beam size (w) Mean Square deviation (MSQ) [33,34] of the He-Ne laser in two cases of operational and non-operational aerodynamic window. All other conditions are kept the same.

[Fig 2.
For the center of gravity along x:

x = N i,j=0 x i I(x i , y j ) N i,j=0 I(x i , y j )
while the beam waist along the x direction is defined as:

w x = N i,j=0 (x i -x) 2 I(x i , y j ) N i,j=0 I(x i , y j )
These quantities are calculated and plotted in window is improved and the beam profile has fewer fluctuations both in the location of its centroid and its beam waist [4,10].

UV Filament Spatial Profile Measurements

It has been established that properties of filaments such as length and plasma density are dependent on the focusing conditions used for the initiation of the filament [35,36]. Thus, various lenses with focal lengths from 0.5 m up to 9 m have been used for filament experimental generation and detection. Results of the investigation of spatial profiles of the filaments generated by the 3 m and 9 m lenses are presented in Section 2.4.1 and 2.4.2.

Measuring the beam profile of a 300 mJ pulse of less than 200 ps in a sub-millimeter cross section is a challenge. The solution found to attenuate linearly the beam is to use a 15 cm diameter grazing incidence coated fused silica plate [32]. Because one linear dimension of the filament is stretched over 15 cm, the intensity can be kept below the damage threshold of the coating. A 355 nm coating at normal incidence is a standard The beam is linearly attenuated by a grazing incidence plate (fused silica, 15 mm thickness, 150 mm diameter coated for maximum reflectivity at 355 nm (normal incidence). The beam is thereafter further attenuated by neutral density filters before being recorded by a CCD.

coating for an excimer laser. The reflectivity of such a coating for s-polarization at 8 different wavelengths close to 266 nm was measured to be 0.5•10 -6 (Fig. 2.5).

3 m Lens

The spatial profiles of the UV filaments generated with a 3 m lens is compared for two different schemes of focusing in air and in vacuum (operational aerodynamic window).

The distance between the 3m lens and the entrance window of the vacuum chamber is chosen in a way that the geometrical focus is located a few millimeters before the beam crosses the expanding flow of the aerodynamic window. As mentioned before, by using the aerodynamic window it is possible to focus the UV pulse in vacuum before the onset of the UV filament, resulting in a different initial preparation phase for the filament [4,10].

In It can be seen that the FWHM of the filament in this image is 300µm, which is in good agreement with beam profile measurements. Figure 2.6 is another demonstration that the moving focus model [38] does not apply, even for these sub-nanosecond pulses. It is a rare example of a filament starting from a 13 µm waist to evolve into the quasi-steady state filament shown in Fig. 2.6(d).

Filaments obtained by focusing in vacuum have smaller diameters compared to the ones obtained by direct focusing in air [37,39]. In the case of focusing in air diameters in the range of 300-400 µm have been measured for different distances up to 4 m with respect to the exit of the aerodynamic window. These distances are more than 2 orders of magnitude larger than the Rayleigh range. Similar measurements for the case of focusing in air resulted in a diameter of the order of 1 mm [37]. The probability of forming a filament is also reduced in the case of focusing in air, as compared to the case of focusing in vacuum. This is explained by the fact that the nonlinear losses during the initial selffocusing phase are prevented, and, as shown in Section 2.3.2, wavefront distortion by air turbulence is avoided in the 3 m vacuum tube. The measured beam profiles are in good agreement with the previous theoretical calculations [21].

9 m Lens

The beam profiles are recorded without the use of the aerodynamic window, outside of the laboratory. The laser beam is sent through a periscope to a 9 m focusing lens at 30 m of the source. The multiple reflections account for an attenuation of about 30% in the energy of the beam. 

Hydrodynamic waveguiding with filaments

Sudden heating of a gas with a high intensity UV filament will create a low-density plasma channel. The impulsive heating of gas creates shock-waves of cylindrical symmetry which propagate outward from the center line, leaving the low-density channel behind [41]. Initially, the shock-waves propagate with velocities much larger than the speed of sound, i.e.

supersonic, but their velocity rapidly decreases to the speed of sound as they propagate.

The diameter of the low-density tube is determined by the deposited energy and the gas pressure [42,43]. Shadowgraphy is an optical technique that can be used for the investigation of small amplitude changes in refractive index in transparent materials, which in the case of UV filaments is a consequence of the change in air density [44,45]. Shadowgraphy technique is used to investigate the characteristics of the mentioned low-density tube and shockwaves created by the UV filaments. The probe beam is a collimated and expanded (about 6 cm) green (532 nm) laser pulse with 10 ns temporal width. This probe beam is sent perpendicular to the UV filament and is imaging the area of interest on a screen located at a 1 m distance from the filament (Fig. 2

Transient imaging of UV filaments via shadowgraphy

.8).

A CCD camera is used to capture the shadowgrams on the screen. An optical fiber is placed just below the UV filament, providing a reference for the size of shadowgrams.

A master clock is used to synchronize the UV laser, the green laser, and the camera. A delay generator controls the relative delay times between the probe beam and the UV laser, making it possible to investigate the temporal evolution of the shock-waves and the low-density channel. The shadowgrams of UV filaments in different focusing schemes were investigated. The results of focusing with 1 m and 3 m lenses are presented here.

In Fig. 2.9, selected shadowgrams of UV filaments are displayed for different time delays between the UV laser and the probe beam for both focusing schemes.

From the shadowgrams we can conclude that, as expected, the filament length is longer when focusing with a 3 m lens. In this case the low density tube is present all over the probe beam. This fact is also evident in Fig. 2.10, which is a direct image of the plasma Chapter 2. UV laser filaments channel of the filament taken with a digital camera [46]. The shock-waves created from tighter focusing are more intense. This is also expected since in tighter focusing higher plasma electron densities are created. The higher intensity deposited by the filament [47,48] affects the width of the low-density tube. The widths of the low-density channels in both cases are measured using the image of the fiber as a reference. These widths are 485 µm and 420 µm for the 3 m and 1 m lenses, respectively [4,10]. The width of these channels is in agreement with the UV filament FWHM reported in Section 2.4.

Different focusing geometries lead to different plasma densities. Focusing lenses of 50 cm, 1 m, and 3 m focal distances were used to produce the filaments. Initially, the shock-waves propagate with supersonic velocities, but their velocity decreases to reach a constant speed after 6 µs. The shock-wave is not a monochromatic wave, but a wave packet, akin to an ultrashort optical pulse. Its linear propagation velocity is therefore a group velocity which is dependent on the acoustic spectral content of the shock-wave. It is expected that the 50 cm focusing (as compared to 1 m) creates a shock-wave more localized in space-time, with higher frequency components. Consistent with the acoustic dispersion data of [50], the higher frequencies in air should correspond to smaller delays, i.e. higher velocities, as is observed in Fig. 2.11(b). The fitted group velocities are 451 m/s and 232 m/s for the 50 cm focusing and 1 m focusing, respectively [51].

The first regime of the expansion of the plasma lasts up to about 6 µs. In this regime, from the initiation point the shock-wave moves with time t a distance R given by the Sedov formula [49]: R = ( E ρ )

1 2+d t 2 2+d
. In this formula, E is the total energy transferred to the plasma, ρ is the air density, and d = 1, 2, 3 for planar, cylindrical, and spherical propagation respectively. Our data presented in Fig. 2.11(a) fit remarkably well to the Chapter 2. UV laser filaments Sedov formula for cylindrical symmetry (d = 2), even in the case of short focusing (f = 50 cm). The fitting curves in Fig. 2.11(a) correspond to d = 1.67 for 50 cm focusing, and d = 1.78 for the case of 1 m focusing. In the 3 m focusing regime, the shock-waves being very weak, it was not possible to analyze their propagation with good accuracy.

Hydrodynamic waveguiding

Another observation from the shadowgraphy data is that the generated waveguide is formed within 300 ns and remains stable and uniform up to 200 µs [4,10]. As a result, a series of ionizing laser pulses will lead to the production of heat bursts, and each heat burst will create a shock-wave that does not decay before the arrival of the next pulse.

The generation of this waveguide based on the shock-wave being long-lived, can possibly result in a stationary waveguide at sufficiently high repetition rates. The stationary waveguides mentioned in this section can be used for optical guiding of another filamenting laser pulse [52][53][54][55]. This can have possible applications for remote sensing [1][2][3], directed energy applications [56,57], and triggering and guiding of electrical discharges [?, 5,6,8,9].

In [52] the authors have investigated waveguides generated by fs IR filaments. Their experiments in the single filament scenario have shown that an initial density hole will grow for tens of nanoseconds as a shock-wave propagates outwards. Later after approximately 1-2 µs the pressure inside the waveguide reaches equilibrium. This generated leaky waveguide will decay in ms time scales. These and also measurements reported in [41] are in agreement with our shadowgraphy study using UV filaments reported in this section.

Positive index profiles -hence dielectric waveguides -were achieved with multiple IR filaments forming a symmetric four-lobed pattern which created a long-lived, of the order of ms, waveguide in air. It was also reported that the length of these waveguides depended only on the propagation distance of the inducing fs array of filaments [52]. A probe laser beam used to investigate the guiding property of the positive pressure waveguide indicated Chapter 2. UV laser filaments a peak guiding efficiency of 70% at ≃ 600 µs which decreased to 15% at ≃2 ms. In their latest publication [53] the authors reported successful guiding over lengths of up to 30 cm.

In applications to remote sensing, the generated waveguide can not only be used for guiding a second high peak power filament to irradiate a sample, but it has also been shown that these air waveguides can act as a broadband collection optics that enhance the returning signal from the sample which will improve the sensitivity in remote sensing [54].

High-repetition laser source

As mentioned in section 2.5.2 the generated waveguide is formed within 300 ns and remains stable and uniform up to approximately 200 µs. As a result, at repetition rates above 5 kHz a stationary waveguide can be formed. To achieve a higher repetition rate we decided to upgrade an existing Ti:sapphire laser system. This laser system had a regenerative amplifier operating at 1 kHz, followed by a 10 Hz amplifier boosting the energy to 50 mJ/pulse. The initial step was to replace the 532 nm pump laser of the regenerative amplifier (Evolution from Coherent) with a high power and high repetition rate Lee laser. Lee laser is a Q-switched laser at 532 nm with 10 ns pulse width which is capable of working up to 50 kHz. The current output power of the Lee laser is 70 W at 10 kHz (70 % of the advertised power) and 50 W at 50kHz repetition rates. Three Lee lasers were recovered from the Starfire optical range of the AFRL (Airforce Research Lab) in Albuquerque.

Because they had been left in the open, none were operational. All cooling parts were cracked, brittle tubings had to be replaced, electronics replaced, etc. By cannibalizing all three lasers I was able to reconstruct an operational laser. Originally maintenance of this laser was a problem, as cooling parts weakened by past harsh exposure to weather burst periodically flooding the hygroscopic nonlinear LBO crystal, and/or the diode pump. So I gradually made changes to the original designs of the cooling system resulting in the much The high average power of the pump laser called for a complete re-design of the regenerative amplifier. The original KDP Pockel's cells needed to be replaced with acquired Beta Barium Borate (BBO) Pockel's cells with appropriate drives that are capable of operating at new high repetition rates. KDP Pockel's cells will not provide good contrast at the higher repetition rate due to piezoelectric resonances. The new higher average power of the pump laser brings two technical difficulties: 1.

Evacuating 70 W of heat from the Ti:sapphire crystal, 2. The higher power of the pump laser will lead to thermal lensing that will affect the cavity and needs to be addressed. The solution to both these problems was to redesign the cooling system of the crystal. The crystal holder went through numerous redesign and modifications. In the latest design, the copper crystal holder is sandwiched between two Peltier coolers as demonstrated in Fig. 2.12(Right). Each thermoelectric cooler is type PC7-16-F1-4040-TART-W6 of Laird thermal systems. The "hot" side of the Peltier coolers is maintained at a low temperature by two copper heat exchangers in which a mixture of 35 % methanol in water circulates.

Each copper heat exchanger is connected to a separate chiller as the heat exchange capacity of one chiller was not sufficient. The reason for using a mixture of Methanol and water for a cooling solution is that the needed temperature of the cooling mixture to achieve the desired temperatures in the crystal is -20°C.

Both to avoid condensation of water vapor on the crystal and also to increase the efficiency of the Peltier coolers the whole cooling system of the crystal needed to be in a vacuum. The focused high-power pump beam's interaction with small particles of dust will lead to the generation of occasional sparks that can potentially cause damage on the surface of the crystal and keeping the crystal in a vacuum will also prevent this. The latest regenerative amplifier crystal holder chamber is made of aluminum as illustrated in Fig. 2.12(Left). This chamber is designed to provide the needed vacuum. In the latest design in order to achieve the desired temperatures it was necessary to isolate the cooling parts from the aluminum body and to isolate the latter from the optical table. The 532 nm laser is p-polarized, so in order to achieve zero reflection the aluminum chamber is designed in a way that the entrance window is at the Brewster angle with respect to the incident pump laser beam. Also to minimize losses, the Ti:sapphire crystal is cut at Brewster angle. The temperature of the Ti:sapphire crystal is monitored using a K-type thermocouple which is located on the top of the crystal. Various combinations of chiller temperature and Peltier cooler current have been tested in order to investigate the lowest achievable temperature on the Ti:Sapphire crystal. The best lowest temperature was achieved when two Peltier coolers are operated in series with a current of 5.66 A and a voltage of 18.3 V.

The chillers temperature is -20°C. With the pump laser operating at 68.5 W (power at 10 kHz repetition rate), a stable equilibrium temperature of -3°C is maintained.

The topological configuration of the regenerative amplifier is represented in Fig. 2.13.

Focusing of the 532 nm pump into the Ti:sapphire crystal is made with a concave mirror Figure 2.13: Top) Topological configuration of the regenerative amplifier. The s-polarized 800 nm seed pulse is reflected from the surface of the Ti:sapphire gain crystal (as it is cut at brewster angel) towards the end mirror of the cavity. Then going through the Pockels cell it is switched to p-polarization to be trapped in the cavity. After a number of round-trips, the amplified pulse is extracted by rotating its polarization to s by the second Pockels. The s-polarized pulse is reflected by the thin film polarizer (TPF). With all focal lengths being equal, the ABCD matrix of this cavity is -1, implying that the beam size will adjust to the size of the gain volume in the crystal. Bottom) The focusing is performed with mirrors at an angle such that astigmatism introduced by the Brewster rod is compensated.

with a radius of curvature of R = 1 m and at an angle of incidence of 6°. This angle was selected for astigmatism compensation by the Brewster angle crystal [58]. The s-polarized 800 nm seed pulse enters the aluminum chamber through the third window. Then it is reflected from the surface of the Ti:sapphire gain crystal (as it is cut at brewster angel) towards the end mirror of the cavity. Then going through the Pockels cell it is switched to p-polarization to be trapped in the cavity. After a number of round-trips, the amplified pulse is extracted by rotating its polarization to s by the second Pockels. The s-polarized pulse is reflected by the thin film polarizer (TPF) leaving the regen cavity. An image of the regen cavity is shown in Fig. 2.14.
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Ideally, the mode of the cavity should match the pump spot size. With the nonlinearities due to thermal lensing combined with Kerr focusing, it is not possible to predict the pump spot size in the Ti:sapphire. Therefore, we choose a cavity configuration where the ABCD matrix is minus one:

-1 0 0 -1
In such a cavity, the size of the waist is totally undetermined (0/0) and adjusts itself to the pump volume. The thermal lensing measurements provided an approximate 30 cm value for the focal point of the thermal lens at -3°C (see section 2.6.1). Hence, two concave mirrors with focal points equal to 30 cm are chosen as end mirrors. When the cavity length is equal to 6 times the focal length of the thermal lens (30 cm) this cavity will have a ABCD matrix equal to -1 (Fig. 2.13(top)). Chapter 2. UV laser filaments

Liquid cooling lines

Thermal Lensing Measurements

As mentioned before the 70 W power of the pumping laser will result in the creation of a thermal lens inside the Ti:sapphire crystal [59,60]. In order to build a working cavity it is important to measure the focal point of this thermal lens. The setup to measure thermal lensing is shown in Fig. 2.15. A He-Ne laser beam is sent through the Ti:sapphire crystal and analyzed with a beam profiler at various distances from the crystal. A highly reflective 532 nm mirror at 45°has been used to filter out the remaining pump beam that passes through the crystal. The effect of the thermal lens can be seen in Fig. 2.16(a) to (d), as the He-Ne probe beam is clearly affected by the presence of the thermal lens whenever the pump laser is present. The Ti:sapphire crystal temperature for these measurements was -3°C. It should be mentioned that when focusing the 532 nm pump beam with a 60 cm lens astigmatism affects its beam evolution. This can be seen in Fig. 2.16(e) illustrating the He-Ne beam profile at 32 cm from the crystal, when the pump is focused on the axis with a 60 cm focal distance lens. To correct that astigmatic illumination affecting the thermal lensing, focusing of the pump into the Ti:sapphire crystal is made with a curved mirror with a radius of curvature of R = 1 m and at an angle of incidence of 6°. This angle was distance from the center of the crystal provided is illustrated in Fig. 2.16(g) for two different sets of measurements. For both sets of measurements, the crystal temperature has been sustained at -3°C. Shorter distances of 30 cm can not be measured due to technical restrictions. The effective beam waist is provided by the beam profiler program. Although these measurements are not able to provide the exact results, it can be concluded that the focal distance of the thermal lens is approximately 33 cm. A genetic evolution algorithm was initially applied to the problem of locating the focus, given the lens position, and vari-ous profiles. The results of these calculations were not also conclusive, please refer to [61] for detailed information on these calculations.

Velocity map imaging (VMI) setup 2.7.1 Introduction

The trajectory of the electrons under the applied field determines the reaction of the electrons to the applied field [62]. The study of electron currents is a key to the analysis of radiative phenomena associated with filaments, and to modeling the difference of response in linear or circular polarization. For direct experimental verification of the theory, we have constructed a Velocity Map Imaging (VMI) setup adapted to the study of filaments. The main objective is to measure the distribution of energy and momenta of the electrons under the influence of the field of the filament. Hence providing information not only on the charged particles but also on the filamented field. I completed successfully the construction of the VMI. Unfortunately, funding limitations and shifting sponsor priorities prevented us from completing the planned experiments. Details of the construction and operation are included for the benefit of graduate student(s) that might take over this research.

Velocity Map Imaging (VMI) is a powerful experimental technique used in physics

and physical chemistry research to investigate gas ionization, fragmentation dynamics, and photoelectron spectroscopy. VMI provides details on the velocity and momentum distribution of electrons and ions generated resulting from the interaction of laser pulses and matter. It offers more complete information compared to many standard ion imaging and spectrometry techniques preceding it. Velocity Map imaging is a technique that was proposed for the first time in 1997 [64]. A schematic diagram of a VMI setup is illustrated in Fig. 2.17 [63]. The original design includes three metallic circular electrodes that are con- nected to high-voltage sources. The laser and molecular beams intercept each other in the center of the space between the first two electrodes shown in Fig. 2.17. These three electrodes act like electrostatic lenses, which similar to optical lenses, image electrons/ions created in the interaction area on the detector. The detector consists of a Micro Channel Plate (MCP) and a phosphor screen attached to it. MCP is an electron multiplier that is used for the detection of charged particles, UV radiation, X-rays, etc. MCPs can have linear gains up to 1000 and one of their advantages is that they preserve the spatial resolution of the original input radiation as they generate the output two-dimensional electron image. Immediately at the back of MCP, there is a phosphor screen that converts electrons that have been multiplied several thousand times in the MCP, into light upon their impact on it. The image created by the phosphor screen is then imaged on a fast CCD camera. By tuning the voltage on the repeller and extractor the electrostatic lens system which focuses the charged particles onto the MCP detector. The electrons/ions are mapped onto the detector based on their kinetic energy (proportional to the magnitude of velocity)

and initial velocity distribution. The VMI setup is basically capable of measuring both the direction and magnitude of the velocity of all the particles created during the interaction. The position at which the electrons/ions hits the detector is directly proportional to the electron's/ion's initial velocity in the YX plane as seen in Fig. 2.18. In Fig. 2.18(left) three velocity vectors having different magnitudes but the same V x components are shown.

The electric field created by the electrostatic lenses integrates over the V y component and focuses every charged particle with a similar V x component onto an identical location in the detector plane. Another way of looking at this is that the difference in the velocity magnitude along the Z direction will affect the time at which the electrons/ions reach the detector but not the position at which they reach the detector. The V y velocity difference between the particles will result in the generation of the circular/semi-circular patterns on the detector. Consequently, in a standard VMI setup, the measured 2-D momentum spectrum is a projection of the 3-D distribution onto the detector creating a velocity map image [63][64][65][66][67].

In order to recover the 3D map of the momentum distribution from its measured 2D projection several different methods have been suggested in the literature. The most common approach to recovering the 3-D distribution in VMI experiments is to exploit initial symmetries present in the original distribution. For instance, in experiments where the Chapter 2. UV laser filaments ionizing laser is linearly polarized, the momentum distribution is cylindrically symmetric about the polarization axis [66,68,69]. Then it is possible to mathematically extract the 3D distribution from its 2D projection using the inverse Abel transform [67,70]. If cylindrical symmetry is not present more general techniques are needed. Another technique is to record the Time of Flight (TOF) using a high-speed shutter mechanism in addition to the 2D x-y projection. By combining TOF and the 2D image it is possible to recover the complete 3-D distribution [71]. This method is applicable to ions as due to their larger mass they have TOF of the order of mocroseconds [66]. On the other hand, this method is not suitable for lighter electrons as their TOF is much smaller. Another approach called slice imaging uses electrostatic fields to isolate a slice of the momentum distribution before pulsing an MCP detector [START_REF] Gebhardt | Slice imaging: A new approach to ion imaging and velocity mapping[END_REF][START_REF] Townsend | Direct current slice imaging[END_REF][START_REF] Lin | Application of time-sliced ion velocity imaging to crossed molecular beam experiments[END_REF].

Overview of the developed VMI setup Vacuum chambers

An image of the assembled VMI setup is illustrated in Fig. 2.19. The VMI setup has two chambers that are both made of non-magnetic stainless steel and are separated by a large 8" valve. These two chambers are labeled as the main chamber and second chamber as shown in Fig. 2.19. Both chambers are going to be kept on ultra-high vacuum of the order of 10 -8 torr by utilizing two turbo-molecular vacuum pumps. The main chamber has 6 symmetric flanges as represented in schematics of Fig. 2.20. The laser filament is going to enter the main chamber through a fused silica 3" window which is mounted on one of the flanges. Then passing through the chamber it is focused at the center of the main chamber with a parabolic mirror which is mounted on another flange directly across the entering flange. The mirror is a 1" on-axis parabolic mirror with a 3" focal length from SORL that has been custom-designed to be highly reflective for 266 nm and 800 nm laser filaments.

A parabolic mirror is used in our design to avoid aberrations that are present when using spherical mirrors or lenses. The mirror mount is connected to a micro-manipulator that is going to be used for alignment purposes as it can move along XYZ axes without affecting the vacuum. The mirror mount attached to the mirror manipulator is designed in a way that when the manipulator is in the middle of its' Z range, the geometrical focal point of the parabolic mirror is located in the middle of the main chamber (Fig. 2.21(b)). An ion gauge is connected to another flange of the main chamber to monitor the vacuum. On the top flange of the main chamber, a feedthrough with 8 electrodes is mounted. In the middle of the feedthrough flange, there is a 3" fused silica window. A high-speed CCD camera (Andor Zyla) is mounted on top of this window. Inside the main chamber the electrostatic lensing apparatus is connected to the bottom of this feedthrough. For more information on electrostatic lensing apparatus please refer to 2.7. of the main chamber, the Hipace 300 turbomolecular vacuum pump is mounted. Finally, the last remaining flange is connected through a valve to the second chamber.

Second Chamber

Main Chamber Gas Manipulator

Mirror Manipulator

The second chamber has 4 symmetric flanges. The bottom flange is connected directly to the Hipace 1500 turbomolecular vacuum pump. To monitor the pressure inside the chamber a thermocouple gauge and a second ion gauge are mounted on the top flange.

There is also an 8" fused silica window at the center of the top flange for potential monitoring purposes. The other flange of the second chamber is connected to the second micro-manipulator. As it is demonstrated in Fig. 2.21(a) the gas manipulator serves as the gas input for the VMI. The input gas flow is controlled by a high-speed solenoid valve from Parker (Model: 009-0100-900) with response times of less than 6 ms which is controlled by a 12 V DC power supply. Both sides of the valve are connected to flexible tubes resulting in the smooth movement of the manipulator in XYZ directions (Fig. 2.21(a)). A The input gas flow is controlled by a high-speed solenoid valve from Parker. A skimmer is placed at the output flange of the second chamber just before the 8" valve. A nozzle is placed at the end of the input gas tube which is intended to eject gas in a coherent stream toward the skimmer. (b) The schematic design of the mirror manipulator and the mirror mount. The mirror is a 1" on-axis parabolic mirror with a 1" focal length from SORL that has been specially coated to be highly reflective for 266 nm and 800 nm laser filaments.

skimmer is placed at the output flange of the second chamber just before the 8" valve. A nozzle is placed at the end of the input gas tube which is intended to eject gas in a coherent stream toward the skimmer. The presence of the nozzle and the skimmer results in the creation of a very narrow molecular beam that enters the main chamber through the 8" valve. By aligning the gas manipulator in all 3 axes of XYZ it is possible to ensure that the created molecular beam enters the main chamber in the desired direction.

Chapter 2. UV laser filaments

Ultra-high Vacuum

As mentioned before, VMI setups need an ultra-high vacuum in order to provide accurate measurements of the Momenta and kinetic energy of the electrons/ions. The created electrons in the VMI chamber need long free collision-less paths until they reach the detection part. Hence, to significantly reduce the number of collisions achieving ultra-high vacuum is a necessity. The ultra-high vacuum of the order of 10 -8 have been achieved by the implementation of the two turbomolecular vacuum pumps; Hipace 300 and 1500. The chambers are made from stainless steel and all the connections are suitable connections for sustaining the high vacuum. The whole setup has gone through a 48-hour constant baking in order to accelerate the process of outgassing and removing any impurities. The best-achieved pressure was 7.2 * 10 -9 torr. Figure 2.22: Schematics of the pumping circuit are presented. Each chamber is pumped by its own turbomolecular pump (from Pfeiffer). The molecular jet is injected into the VMI setup through the second chamber which has the largest pump flow capacity. The Hipace 300 turbomolecular pump is cooled by air. On the other hand, the Hipace 1500 turbomolecular pump needs to be cooled by water. The chiller for this purpose is located outside of the lab in the chase. A vacuum better than 10 -8 torr is achieved in the main chamber. The input of both turbomolecular pumps is connected to a dry scroll pump via a solenoid valve. (Adixen ACP 28).

Chapter 2. UV laser filaments

A schematic of the pumping circuit of the VMI setup is represented in Fig. 2.22. It should be mentioned that initial vacuum of the order of 10 -3 torr are necessary before the turbomolecular vacuum pumps can be operational. So the input of these pumps is connected to a dry scroll pump (Adixen ACP 28) which is acting as a backing pump. So initially the backing pump is going to be turned on and only after the desired pressures in the VMI setup are achieved the turbomolecular pumps can be operated. The Hipace 300 is air-cooled, but the higher capacity Highpace 1500 is water-cooled by a chiller. The pressure inside the VMI setup is measured by a thermocouple gauge and two ion gauges which are connected to the same controller unit. The thermocouple gauge is going to be used to measure low vacuum up to 10 -3 torr, and higher vacuum are measured by the ion gauges. Ion gauges can be only operated at pressures of 10 -4 torr and lower. A solenoid valve is placed between the backing pump and the input of the turbomolecular pumps as a safety measure. This valve will immediately close as soon as an emergency such as electrical power loss occurs sustaining the ultra-high vacuum.

In order to perform accurate measurements using the VMI technique the amount of the gas entering the main chamber needs to be as small as possible. Besides the high vacuum generated by the pumps, this is achieved by using both the high-speed pulsed input valve and also the skimmer. The high-speed valve should be synchronized with the incoming laser filament preferably by the use of a delay generator. Also, the presence of the skimmer will result in a narrow molecular beam which leads to a small interaction cross-section between the laser filament and the molecular beam increasing the accuracy of the measurements. In case of an operational MCP caution should be made during the alignment of the laser filament into the chamber making sure that the full-power laser filament will not hit any of the electrodes. As if the laser filament hits any of the electrodes by creating an intense plasma, a large number of electrons will be accelerated through the electrostatic lens toward the MCP which can cause damage to the MCP.

Detection system

In order to expand the dynamic range of this imaging we extended the imaging lenses to 5 from the classical 3-lens VMI setups. Similar to imaging objects in the configuration space, here having multiple lenses expands the dynamic range and magnification. In the VMI setup, the plates are fixed in position and only voltages are adjustable. The cylindrical spacer between electrodes is made of ceramic. In Fig. 2 The detection assembly is designed in a way that the exact center point between the two first electrostatic lenses (labeled 5 and 4 in Fig. 2.23(c)) is also located in the center of the main chamber. This point is represented with a black dot in Fig. 2.23(a). Simulations with SIMION have been performed to evaluate the proposed 5-lens system. SIMION is a software package primarily used to calculate electric fields and the trajectories of charged particles in those fields when given a configuration of electrodes with voltages and particle initial conditions, including optional RF (quasistatic), magnetic field, and collisional effects. In a VMI setup, the positions at which the particles hit the MCP (R) have a linear relation with respect to the square root of the initial energies of the particles (E 1/2 ) [64,[START_REF] Kling | Thick-lens velocity-map imaging spectrometer with high resolution for high-energy charged particles[END_REF]. In Fig. 2.24(a) simulated trajectories of electrons in the detection system for the mentioned voltages in Fig. 2 Chapter 3. Measurement of delayed fluorescence in N 2 + with a streak camera of being projected at a far distance, air lasing can be implemented for the creation of a high-brightness source in the atmosphere, which has many potential applications including remote detection of gases and atmospheric studies [7][8][9][10]. Two decades after its first experimental observation, even though air lasing has been investigated in many studies both theoretically and experimentally, the physical mechanism behind it is still under hot debate.

Different air constituents are proposed and investigated as the gain medium for air lasing.

Among these candidates the transitions of the nitrogen cation N 2 + are of particular interest for this application [1] as their emission has been observed in a wide range of pressures and gas mixtures. High gain and fast decay is observed [11][12][13], with a timescale orders of magnitude shorter than the 67 nanoseconds natural lifetime of the excited state [14].

We have studied two transitions of the N 2 + :

B 2 Σ u + (ν = 0) → X 2 Σ g + (ν = 0, ν = 1).
These two transitions correspond to 391 nm (ν = 0) and 428 nm (ν = 1) as represented in Fig. 3.1 [15][16][17].

The mechanism of this gain is still under debate. Some argue that an inversion is created by the ultrashort pulse [18]; others propose a transient gain driven by rotational coherence [19] or lasing without inversion [20] involving coherence in a three level system (the A 2 Π u state coupled to the B 2 Σ u + → X 2 Σ g + transition), and finally some propose that the gain is achieved via superradiance [13,21].

In most experiments, the dynamics of the emission is studied by varying the time delay between an ultrashort "pump" pulse at 800 nm, followed by an ultrashort "probe" pulse which resonantly seeds the single photon transition [11][12][13][21][22][23][24][25]. This induces measurable changes in plasma radiation depending on the pump-probe delay, from which the temporal dynamics are inferred. However, this inevitably conflates unknown dynamics induced by the probe with the dynamics of interest. In addition, at each delay the reported measurement is integrated over the lifetime of the emission. In a typical pump-probe study the emission spectrum is integrated over the lifetime of the emission. The probe is known to seed the emission after a certain delay from the ionizing pulse which usually + with a streak camera does not create any ion emission by itself. In most cases the time delay scan of probe provides an insight on the wavepacket and plasma dynamics and not the time dependent emission. In some pump-probe studies a cross correlation with a third reference pulse provides a time-dependent emission at a particular seed delay. Our streak camera study (which is spatially integrated) can only be compared with the time-dependent emission at zero probe delay using a third pulse. A streak camera provides spatial imaging and real time information that are not available in pump-probe techniques. The streak camera is used to time-resolve the fluorescence emitted from the side of the plasma, originating from the

B 2 Σ u + (ν = 0) → X 2 Σ g + (ν = 0, ν = 1) transitions of N 2 +
. Particular care was taken to achieve an accurate reference for the excitation instant through an original technique detailed in Section 3.2.4. After deconvolution for the instrument response, these measure-+ with a streak camera ments performed at atmospheric pressure show a delay between excitation and emission of tens of ps for both transitions, in contrast with what is generally assumed. For instance, some suggest an 'instantaneous' population inversion mechanism that may be achieved in molecular nitrogen ions at an ultrafast time scale comparable to the 800 nm pump pulse (abstract of ref. [12]). The interpretation is that " the population inversion can occur instantly with the ionization of inner-valence electrons" [3]. The measurement technique is described in Section 3.2. The jitter intrinsic to the streak camera electronic trigger is eliminated by using an optical reference point as detailed in Section 3.2.3. Subpicosecond resolution is achieved through a deconvolution technique presented in Section 3.3.1.

The absolute timing or the cation emission, as well as the fluorescence decay time, are discussed in Section 3.2.4.

Experimental techniques

Streak Camera

A streak camera, despite being called a "camera", differs significantly from conventional video and still cameras that we typically use to capture images of our surroundings. Its primary function is to measure ultra-fast light phenomena, providing intensity vs. time and position data. The term "streak" originates from the early days of high-speed rotating drum cameras, where reflected light was streaked onto film. The streak camera offers superior temporal resolution in directly detecting ultra-fast light phenomena compared to any other instrument. When used with appropriate optics, it can measure the time variation of incident light with respect to the position (time and space-resolved measurement).

When combined with a spectroscope, it can measure the time variation of light intensity incident to the device relative to its wavelength (time-resolved spectroscopy) [26][27][28].

In Fig. 3.2 the operating principle of a streak camera is illustrated. The light that is being the top of the phosphor screen, while the remaining images follow in a sequential order from top to bottom. Essentially, the vertical direction on the phosphor screen functions as the time axis. In addition, the brightness of each phosphor image is directly proportional to the intensity of its corresponding incident optical pulse. The horizontal position of the phosphor image corresponds to the horizontal location of the incident light functioning as the space axis. Hence the optical intensity of the light is proportional to the intensity of the image created on the phosphor screen, and the temporal and spatial profile of the incident light is related to the position on the image of the phosphor screen [26][27][28].

Experimental setup

In our experiment, bandwidth-limited ultrashort pulses of 50 fs duration, 1 mJ energy, at 1 kHz repetition rate centered at 800 nm are focused in air. The measurements have been performed with 10 cm and 40 cm focusing lenses. In a tight focusing geometry, the peak intensity reaches ≈ 10 14 Watt/cm 2 [29][30][31] generating a plasma that glows over one centimeter. The emission is self-seeded with the supercontinuum generated in the focused short pulse. Indeed, we observed the supercontinuum ring consisting of colorful rings covering the main beam in the far field. The streak camera (Optronis 10C) captures emission from the side of the filament, as opposed to integrating the emission along its length [11-13, 21, 22, 24]. Thus, by making point by point measurements along the propagation direction, we access the "longitudinal emission profile" and can therefore monitor the effects of propagation. It should be mentioned that all the measurements presented in this paper have been taken with a sweep speed of 100 ps and the spacing between pixels corresponds to 2.88 ps.

Tele-photo lens

In this configuration, our measurement is the signal collected from the cross section of the plasma and provides a different aspect of the emission, as opposed to integrating created by the focused main beam (thick red line) is imaged onto the streak camera. A weak beam split off from the main beam (dashed red line) provides a temporal reference spot on each frame of the streak camera. The streak camera slit is parallel to the main beam (z direction) and is used at its minimum possible opening for best time resolution. A typical image taken with infrared filter is presented in the inset. The abscissa is the propagation axis, and the ordinate is time. The image is integrated over the transverse dimension as a function of z (coordinate along the beam). The trace of the plasma radiation is recorded. The reference light (on the left) is used for timing reference and correction of spatial jitter. BP represents the band-pass filter. A nebulizer is used to measure the Rayleigh scattering from the focused beam for a weak non-ionizing pulse.

(630 torr in Albuquerque). The emission of the plasma is very weak, corresponding to a plasma density of the order of 10 17 cm -3 . In addition to being accumulated over a very short distance, the total signal is further decreased by the fact that we attempt to measure a number of photons emitted per picosecond time gate with spatial resolution over the length of the plasma. One of the most difficult challenges to address is to collect as efficiently as possible all the light that is emitted radially. Various focusing geometries have been tested.

Best results were obtained with 10 cm and 40 cm focal distance lenses, and by using an objective lens and an achromatic telephoto lens to image the transverse emission onto the slit of the streak camera.

Chapter 3. Measurement of delayed fluorescence in N 2

+ with a streak camera

Optical synchronization

There are three elements that determine the time resolution of the system:

1. The accuracy of positioning the frames with respect to each other.

2. The intrinsic resolution of the streak camera.

3. The reproducibility of the event under observation. 

Determination of an accurate time origin for temporal measurements

The reference pulse ensures temporal resolution by providing a common origin to the numerous frames being averaged. However, the objective is to measure the temporal profile of the UV emission, with respect to the 800 nm excitation at the same location. The problem is to ascertain with precision that exactly the same spot is being observed in both experiments. Using a diffuser plate -such as was done in the experiment to determine the instrumental resolution -puts one at the mercy of an error in positioning. An accurate time origin can be provided by Rayleigh scattering. However, Rayleigh scattering at 800 nm from air molecules is too weak to be observed (and time resolved) with the streak camera. Since we have achieved accurate timing of each frame with the reference pulse as demonstrated in Fig. 3.6, we can perform independent measurements to determine the arrival time of the 800 nm pulses.

The solution that we chose is to use Rayleigh scattering enhanced by aerosols. The aerosols are blown through the camera field of view along the path of the focused beam.

The challenge here is to create droplets that enhance scattering without creating plasma and/or producing an optical resonance [33] in the droplet. The plasma is avoided by producing droplets of the order of 1 µm diameter with a nebulizer (mist generator based on Bernoulli principle). These droplets were sufficiently small as not to create any visible plasma or local illumination. The reference point accurately determined by recording Rayleigh scattering of the lowest density mist is shown in Fig. 3.7. 

Experimental Results

De-convolution

As it can be seen in Fig. 3 the reflected pulse from the diffuser have similar shapes, but the Rayleigh scattering has slightly smaller FWHM (Fig. 3.7) and consequently, the Rayleigh scattering pulse can be used to de-convolute the raw data and extract the true temporal profile of the fluorescence.

A code in Matlab has been used to do the de-convolution process. The raw data has a long decay tail. In order to increase the precision of the Fast Fourier Transfrom (FFT), a custom function has been fitted to the fast decay section of raw data points using Origin:

1 c e ( √ t-t 1 )/T 1 + e (-t 2 -t)/T 2 (3.1)
where t 1 , t 2 , T 1 , T 2 , and C are fitting constants. Fitting of the 391 nm emission is taken as an example in Fig. 3.8. The fitted function to the fast decay section of the raw data is represented by the green dashed line, and the de-convoluted data is represented by a black line. The same function, with different constants, has been used to deconvolute all the emission lines.
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Time resolved measurements in selected spectral bands

We characterize the emission in three different spectral regions, selected by appropriate combination of filters: 391±1 nm (corresponding to the

B 2 Σ u + (ν = 0) → X 2 Σ g + (ν = 0) transition), 428±1 nm (corresponding to the B 2 Σ u + (ν = 0) → X 2 Σ g + (ν = 1) transition),
and 1µm > λ > 750 nm that covers X to A transition. The time delay associated with each filter is accounted for. Note that the individual rotational transitions cannot be resolved. Chapter 3. Measurement of delayed fluorescence in N 2 + with a streak camera

The time dependence of the emission (integrated in space) of the plasma created by a focused 1 mJ pulse, is presented in the plots of Fig. 3.9 for both case of focusing with 10 cm and 40 cm lenses. The origin t = 0 is defined as the time of the Rayleigh scattering.

Both raw and de-convoluted temporal emission profiles are plotted. The de-convoluted emission lines exhibit characteristic delays of 33 ±0.3 ps at 391 nm (Fig. 3.9(a)) and 25 ±0.3 ps for 428 nm (Fig. 3.9(b)) for 10 cm focusing lens, and 42 ±0.3 ps at 391 nm (Fig. 3.9(c)) and 31 ±0.3 ps for 428 nm (Fig. 3.9(d)) for 40 cm focusing lens. These delay times have been summarized in Table 3.10. Streak camera measurements performed with different experimental techniques that are made along the filament report a 5 ps delay between excitation and emission, which they attribute to the narrowness of the emission line [37]. In side emission measurements performed with streak camera by others, the emission is seen to start at the same time as the excitation [36,38]. Unlike the Rayleigh scattering the emission profiles are asymmetric and two decay regimes are present in them;

a "fast" decay regime, which is followed by a "slow" exponentially decaying tail. They exhibit short temporal widths of 14 ± 0.5 ps at 391 nm and 10 ± 0.5 ps at 428 nm in case of focusing with 10 cm lens and 28 ± 0.5 ps at 391 nm and 22 ± 0.5 ps at 428 nm for focusing with a 40 cm lens for the fast decay regime. These decay times have been summarized in table 3. The position of the peak is unchanged, confirming that the de-convolution process does not affect the time delay. To estimate the precision in the delay measurement, we take as error bar for the delay the width of the de-convoluted signal at 1% from its peak, or ± 0.3 ps. Using a streak camera "fast" and "slow" decays for the 391 nm emissions at much There are two time constants for the ion emission known as "fast" and "slow" decay [25,36].

lower than atmospheric pressures have been observed [36]. In [36] the authors claim that the "fast" decay originates from the collision between the N 2 + and free electrons. In this paper we have investigated simultaneously both the delay times between the ionizing laser filament and emissions, and the decay dynamics, which leads to a better understanding of the underlying phenomenon. As it is discussed in details below we believe that our observations suggest the involvement of Dicke superfluorescence [39] rather than attributing the delay to the narrowness of the emission line [37] or invoking the role of electron-cation collisions in fast decay mechanism [36].

Infrared emission at λ > 750 nm (green curve) is plotted in Fig. 3.11 for both cases of focusing with a 10 cm lens (a) and focusing with a 40 cm lens (b). The infrared emission has zero delay with respect to the Rayleigh scattering and decays exponentially with a time constant of about 700 ps for both cases. It has a similar decay behavior as seen in both 391

and 428 nm emission profiles, suggesting the involvement of the A state in the dynamics [18]. The population exchange between X and A states affects the gain at the B to X transition wavelength. Such a long exponential tail has to be associated with N + 2 , since it is not observed at low intensity as shown in Fig. 3.7(a). We can estimate this slow decay assuming it arises from population decay due to electron-cation collisions as 1/ρvσ, where ρ is the density of emitting dipoles, v is the velocity of electrons and σ is the collision cross section. ρ = 0.01ρ air based on an intensity of ≈ 10 14 Watt/cm 2 [29][30][31] which yields an ionization rate [40] of one percent. The average energy of released electrons is 0.1 eV with the total electron cross section [41] of 5 × 10 -16 cm 2 . This yields a decay time of 700 picoseconds, in good agreement with the slow decay of the measured ion emission as well as the infrared emission in Fig. 3.9.

The concept of superradiance was first introduced in 1954 by Dicke [39]. Superradiance is a phenomenon of collective emission of a group of excited atoms, molecules or ions. The concept of superradiance can be understood by picturing each atom as a tiny antenna emitting electromagnetic waves. Excited atoms/molecules emit light randomly, and the emitted intensity is a function of the number of atoms/molecules, N . However, when the atomic "antennas" are coherently radiating in phase with each other, the net electromagnetic field is proportional to N , and therefore, the emitted intensity goes as N 2 . As a result, the atoms radiate their energy N times faster than for incoherent emission. It is this anomalous radiance that Dicke dubbed "superradiance" or "superfluorescence" [42]. For the impulsively excited dipoles to radiate in phase, there should be no dephasing collision between emitting ions between the instant of ionization and the peak emission. The length of the Dicke superradiant emission is limited by the mean free path between collisions, which, at atmospheric pressure, is of the order of the filament diameter. Dicke superradiance predicts that these delay and decay times should be inversely proportional to the number of dipole emitters involved in the emission [39,43], which in turn is proportional to the time integral of the non-normalized emission profiles (Fig. 3.9). For the case of Chapter 3. Measurement of delayed fluorescence in N 2 + with a streak camera focusing with a 10 cm lens, we find the ratio of the delay time for 391 nm emission to that of 428 nm to be 1.32 ± 0.02, while the ratio of temporal widths is 1.4 ± 0.09. Indeed, both these numbers are in close agreement with 1.4 ± 0.5, the ratio of the number of emitters in the 428 nm to 391 nm emission profiles, obtained from their time integral. For the case of focusing with a 40 cm lens, we find the ratio of the delay time for 391 nm emission to that of 428 nm to be 1.35 ± 0.02, while the ratio of temporal widths is 1.27 ± 0.09.

Both these numbers are in close agreement with 1.3 ± 0.5 the ratio of number of emitters in the 428 nm to 391 nm emission profiles, obtained from their time integral. Note that this collective emission does not require an inverted sample [44]. The higher gain of the 428 nm fluorescence can be due to higher inversion of the (

B 2 Σ u + ν = 0 → X 2 Σ g + ν = 1)
transition due to unequal occupation of the X 2 Σ g + vibrational states following strong-field ionization [45]. 3.4 Is 800 nm a "magic wavelength"?

It has been suggested that the fluorescence at 800 nm is associated with some resonance.

To test this hypothesis, we investigate whether UV filaments at 266 nm lead also to fluorescence bands at 391 nm and 428 nm. Both 391 nm and 428 nm emissions have been detected from the side measurements of the UV filament. In Fig. 3.14 a schematic of the measurement setup is presented. UV laser pulses at 266 nm 200 ps in duration and 300 mJ energy [47,48] are focused using a 3 m lens into the vacuum chamber connected to the aerodynamic window (Chapter 2). Measurements have been performed in both cases of operational and non-operational aerodynamic window. The side fluorescence emission was collected by an aspheric lens of 32 mm focal length. The collected light is then imaged on the entrance slit of a monochromator. To detect these emission bands it is necessary to use a high-gain Photo Multiplier Tube (PMT) at the exit slit of the monochromator due to the weak intensity of these emission lines. The PMT is connected to an oscilloscope in order to measure its output voltage which is proportional to the light intensity. The oscilloscope and the monochromator are connected to a Labview program that controls the wavelength scanning and also reads the voltage from the oscilloscope storing the data points on an Excel file. In Fig. 3.15 the results of some of the measurements for the mentioned two transitions are plotted. Each point in the plots is calculated by averaging 64 laser shots. The gain voltages for the detection of 391 nm and 428 nm emission were 1.480 kV. As it can be seen the presence of the aerodynamic window is not causing a significant change. For the 391 nm line, changing the polarization of the UV laser from linear to circular is not causing any change in the shape of the line, but, as expected, it is reducing the amplitude of the peak. The shapes of the lines are in general agreement with previously reported fluorescence emission lines of N + 2 [3,49,50]. The monochromator's best achievable resolution was not sufficient to separate the rotational lines in the P and R branches of

N +
2 , hence only the envelope can be observed in the measurements [11,49]. Measurement attempts with the high-resolution spectrometer Demon (Double Echelle MONochromator) for both cases of the operational and non-operational aerodynamic window are plotted. Each point in the plots is calculated by averaging 64 laser shots. The gain voltages for the detection of 391 nm and 428 nm emission were 1.480 kV. The monochromator's best achievable resolution was not enough to separate the rotational bands (P and R branches) of N + 2 , hence only the envelope can be observed in the measurements. The general shape of the envelopes are in general agreement with previously reported fluorescence emission lines of N + 2 [3,49,50].

beginning and the end of the scan range for this gain was too high, measurements in these respective positions were repeated with a higher gain of 1.7 kV applied to the PMT which is plotted in red in Fig. 3.16. The maximum gain applicable to the PMT is 1.85 kV, and in that case, the signal was present up to 50 cm from one end and 160 cm on the other end of the scanning distance, but the signal was really noisy with a big standard deviation. As expected the maximum intensity of the 391 nm emission is measured at the geometrical focus of the 3 m lens. + with a streak camera The blue lines correspond to measurements in which 1.4 kV was the applied gain on the PMT. As the standard deviation on the intensity measurements at the beginning and the end of the scan range for this gain was too high, measurements in these respective positions were repeated with a higher gain of 1.7 kV applied to the PMT which is plotted in red. (b) Schematics of the experimental setup.

Conclusion

Our unique capability of sub-picosecond timing resolution along with absolute timing measurement using the Rayleigh scattering enables us to report accurate measurement in timing and temporal profile of the emission from (

B 2 Σ u + ) to (X 2 Σ g + ν = 0 & ν = 1)
in N + 2 . It has been observed that these emissions have a delay with respect to the ionizing laser filament. Our study suggests that the fast decay and high peak gain observed in air lasing is due to collective emission introduced by Dicke in 1954 [39]. The temporal behavior of the pulse as a function of density agrees with the predictions of superfluorescence [43,51]. The presence of a long tail emission at infrared wavelength with no observable delay with respect to the initial pulse suggests the influence of X to A coupling in air lasing. We emphasize that we observe this superfluorescence in the air under ambient conditions, making it suitable for practical applications. Our study suggests that collective emission and spatial distribution of the plasma needs to be considered for applications in remote source design using N + 2 as a gain medium.

Our unique home build UV laser system made it possible to investigate the emission

from (B 2 Σ u + ) to (X 2 Σ g + ν = 0 & ν = 1) in N + 2
induced by UV filaments. We concluded that both 391 nm and 428 nm emission lines are present in side measurements. Due to low resolution it was not possible to resolve the rotational bands (P and R branches) of N + 2 , hence only the envelope can be observed in the measurements. The general shape of the envelopes are in general agreement with previously reported fluorescence emission lines of N + 2 .

Future work

A more comprehensive investigation on air lasing induced by UV filaments should be performed. A pump-probe study on the UV filament induced 391 nm and 428 nm fluorescence could be beneficial to investigate the gain mechanism and compare the results with the case of 800 nm filaments [11]. To further investigate the gain mechanism in the case of the UV filaments it is beneficial to perform pump-probe experiments for different air pressures, as it has been shown that the gain has dependencies on the pressure. A new experiment including a streak camera should be performed in which the absolute time measurements for N + 2 emissions with respect to both 266 nm and 800 nm laser filaments can be performed. With the development of the new 800 nm regen (section 2.6), the effect of the repetition rate of the 800 nm filament on the timing of the 391 nm and 428 nm emission could be also investigated.

Chapter 4. High-resolution spectroscopy induced with UV filaments

which is collected and analyzed by a spectrometer. Each element in the sample emits a unique set of spectral lines or atomic emission lines, which correspond to specific electronic transitions within the atom. The spectral lines are characteristic of the element, and their intensities are proportional to the concentration of the element in the sample. By analyzing the spectral lines, the elemental composition of the sample can be determined.

The resulting emission spectra can be used to determine the elemental composition and relative concentrations of the sample [11][12][13].

A schematic of the laser-induced breakdown process is demonstrated in Fig. 4.1 (Left).

Firstly, a short laser pulse is directed at the sample surface, and the energy of the beam is absorbed by atoms and molecules of the specimen, causing the vaporization or ablation of a small amount of the material. This process creates a vapor plume above the surface of the sample which is going to be developed into a high-temperature plasma. In the case of LIBS with ns laser pulses, the plasma is created in the first hundreds of ps, and the latter part of the pulse will heat the plasma through the inverse Bremsstrahlung process. In the early stage of plasma expansion, the plume behaves like a supersonic piston, creating an external shock-wave that propagates outward through the ambient gas. As the plasma starts to cool down, it emits light from their excited states due to the spontaneous emission of excited atoms and/or ions. Finally, an optic is used to collect the emitted light, and a spectrometer is used to disperse the light into its constituent wavelengths. The resulting atomic emission peaks in the spectrum can be analyzed quantitatively to identify the elemental constituents of the sample and their relative concentrations. [13][14][15] LIBS has several advantages over other analytical techniques, such as its ability to perform in situ analysis without sample preparation, and fast analysis time, with results obtained within a few seconds. LIBS is capable of analyzing a wide range of materials, including solids, liquids, and gases, and can detect most elements in the periodic table .   LIBS has a unique advantage in its sensitivity to light elements that are difficult to detect using other spectroscopic techniques. In addition, LIBS is capable of simultaneous multi-elemental analysis, allowing for comprehensive sample analysis in a single measurement. Furthermore, LIBS is non-destructive and requires only minimal material. [13,16,17]. [14]). Right) Schematics illustrating the plasma evolution in time, in which the timing of the laser pulse, the intensity of background radiation, delay time, and gate width have been depicted (from [18]).

In Laser-Induced Breakdown Spectroscopy (LIBS), time delay and gate width are important parameters used to control the temporal resolution of the spectral measurements. Time delay refers to the time interval between the laser pulse and the start of the gate, which determines when the spectral measurement begins. Gate width refers to the duration of the gate, which determines the length of time over which the spectral measurement is taken. These two parameters are represented in Fig. 4.1(Right). By adjusting the time delay and gate width, it is possible to optimize the temporal resolution and maximize the accuracy and precision of the elemental analysis. In LIBS, choosing the optimal time delay and gate width requires considering the trade-off between temporal resolution and signalto-noise ratio. A shorter time delay and gate width offer a higher temporal resolution, which is desirable for accurately determining plasma emission characteristics. However, this can result in a lower signal-to-noise ratio, which can make it challenging to detect and quantify spectral lines accurately. Conversely, a longer time delay and gate width improve the signal-to-noise ratio, making it easier to detect and quantify spectral lines accurately. However, this can come at the cost of reduced temporal resolution, which can Chapter 4. High-resolution spectroscopy induced with UV filaments make it harder to distinguish between closely spaced spectral lines. Ultimately, the choice of time delay and gate width should be based on the specific analytical requirements of the application [18,19].

In Fig. 4.1(Right), there is a schematic representation of the temporal evolution of a LIBS plasma triggered by a single laser pulse. Initially, the plasma light is predominantly composed of a continuous spectrum emission, resulting from the Bremsstrahlung and recombination processes taking place within the plasma. Bremsstrahlung is caused by the acceleration or deceleration of electrons during collisions, leading to the emission of photons. Recombination occurs when a free electron is captured by an ionic or atomic energy level, releasing excess kinetic energy in the form of a photon. As the plasma gradually cools down, emission lines from ions, atoms, and molecules emerge. Integrating plasma emission over its entire evolution time can lead to significant interference of the continuum with the weaker transition emissions, making their detection difficult. Therefore, time-resolved detection is typically employed in LIBS measurements to mitigate this interference.

With the discovery of laser filamentation, researchers have investigated its applications in LIBS [12,20,21]. Laser filaments have the unique capability to travel across long distances without experiencing diffraction effects commonly seen during the propagation of nanosecond (ns) laser pulses. This allows for the efficient delivery of laser energy to the sample, even at long distances, without the need for complex optical arrangements to compensate for atmospheric turbulence [22]. Therefore, they have the potential to generate LIBS plumes at considerable standoff distances, providing a more robust and efficient approach for remote sensing applications compared to traditional LIBS methods, especially in challenging atmospheric conditions. Studies have shown that self-guided filaments, with diameters in the order of 100(s) µm, can be created over distances ranging from hundreds of meters to kilometers1 [23,24]. These filaments can be employed Chapter 4. High-resolution spectroscopy induced with UV filaments in the detection and identification of various chemical and biological agents in the atmosphere, using LIDAR technology [21,25,26]. Also, compared to nanosecond (ns) laser pulses, femtosecond (fs) and picosecond (ps) laser filaments can generate plasma with a higher electron density and lower electron temperature which can lead to enhanced spectroscopic signals. Another advantage that laser filaments have over traditional lasers for LIBS applications is that they have higher precision of sample ablation and they create lower continuum background [20,27,28]. A detailed comparison of LIBS performed on lead samples with fs 800 nm filaments and ns pulses has been reported, demonstrating a better signal to noise with the former, because of the higher electron density and the lower plasma temperature [27]. It has been shown that spectral lines from an aluminum target at up to 60 m can be obtained with 800 nm filaments, of which the starting point has been postponed [29].

Self-absorption

Self-absorption occurs when the emitted radiation from the plasma is absorbed by the plasma itself, leading to a decrease in the intensity of the emitted spectral lines. Selfabsorption typically affects the entire emission spectrum of a homogeneous laser-induced plasma when the plasma becomes optically thick. Conversely, when the plasma is optically thin, self-absorption is usually negligible. In the case of an inhomogeneous plasma a gradient in both plasma temperature and electron density is present. In fact, the outer layers of the plasma may have a lower temperature than the central region, as shown in Fig. 4.2(b). This results in a higher population of the lower energy level of the transition and therefore leads to strong absorption. Due to the lower electron number density in the outer layers compared to the plasma core, the absorption line profile is narrower than the emission profile, creating an absorption dip in emission line. The self-absorption dip over very long distances [23]. Or by temporal manipulation of the laser pulses the starting point of laser filaments can be postponed to very large distances [24].

Chapter 4. High-resolution spectroscopy induced with UV filaments can be referred to as "self-reversal" in some literature. The self-absorption dips are more likely to be present at higher pressures including atmospheric pressures due to the greater confinement of the plasma. [11,[30][31][32][33][34]. An image of a typical spectrum of a uranium sample measured via our setup is illustrated in Fig Self-absorption is commonly regarded as an undesirable phenomenon in the literature on LIBS, as it distorts the emission lines. Numerous articles have been dedicated to mitigate its impact on the emission line [35][36][37]. There have been numerous publications attempting to determine the center of the emission line, correcting for the presence of the dip and the Stark shift. Such corrections were reported for the spectrum of Chapter 4. High-resolution spectroscopy induced with UV filaments aluminum [31,[38][39][40] and in chromium [41]. To cite the abstract of a paper: "The selfabsorption effect is one of the main bottlenecks for LIBS" [31]. It will be shown in this chapter that these dips are a blessing rather than a curse in high resolution plume spectroscopy.

Experimental Setup

As sketched in Fig. 4.3, a laser pulse is focused onto a solid target by a 40 cm plano-convex lens, creating a plume that is analyzed by the DEMON monochromator (by Lasertechnik Berlin GmbH). The DEMON is a high spectral resolution Double Echelle MONochromator. It consists of an optomechanically motorized echelle spectrometer in sequence with a prism monochromator that is used for the selection of the inspection range. The echelle grating, derived from the French word "échelle" which means "ladder," is a diffraction grating with a relatively lower groove density but a specialized groove shape that is optimized for high incidence angles and high diffraction orders. This design allows for greater dispersion (spacing) of spectral features at the detector, resulting in enhanced differentiation of these features [42,43]. Time resolution is realized with a gated ICCD Andor camera to record the spectrum. The Andor ICCD is triggered by the same delay generator that is used as the master clock for the laser system. The Gate-width and time delay for the measurements were controlled by the ICCD camera. In most of the experiments, the optimum gate width of the Andor camera is chosen to be 500 ns as a compromise between the best signal to noise ratio versus the best time resolution. It should be mentioned that the delay times recorded from the ICCD camera needed to be corrected. The delay times reported in all the measurements are the delay time between the arrival of the UV filament on the sample and the time the spectra are measured2 . Each measurement is an average of 50-100 images with a spectral resolution of 6 pm at 300 nm to 8 pm at 400 nm. All the data are taken in air at atmospheric pressures (630 torr or 84 kPa at the altitude of Albuquerque, New Mexico). Different laser sources have been used for the LIBS experiments. Most of the experiments were performed with UV filaments created by 266 nm laser pulses of 200 ps duration and with energies up to 200 mJ [44,45]. Other sources were: 1. Laser pulses at 1064 nm with 10 ns pulse width [45], 2.

Laser pulses at 532 nm with 240 ps pulse width [45], and 3. IR filaments created by laser pulses at 800 nm with 50 fs pulse width with 1 mJ energy. The best results were achieved with the UV filaments. The solid targets selected are lithium, aluminum, steel, uranium metal, copper, and strontium bromide (SrBr 2 ). In this chapter, the results of experiments including the first 4 elements are presented. Aluminum is selected to emphasize Stark shifts, steel to demonstrate spectral resolution between closely spaced lines, lithium to in-Chapter 4. High-resolution spectroscopy induced with UV filaments High-resolution LIBS has been demonstrated at low pressures (0.02 torr) [54]. However, at atmospheric pressures, the broadening of the emission lines makes it difficult to distinguish isotopes or identify the emitter in the presence of a high density of lines [52,55]. As the surrounding gas pressure increases, the laser-induced plasma becomes more spatially confined, resulting in a denser and hotter plasma [39,56]. The increased electron and ion densities in the denser plasma intensify both Stark and pressure broadening, leading to even broader emission lines. Stark and pressure broadening are typically the dominant mechanisms that affect the emission lines in most atmospheric conditions [53].

Another characteristic of the emission lines is that they are Stark-shifted due to the presence of charged particles in the laser-induced plasma. This shift is more significant at atmospheric pressures due to the increased electron number density [57,58]. The Stark shift can affect the accuracy of detection in many spectral lines and can even result in the misinterpretation of elements in automated LIBS systems [59].

As mentioned in section 4.1.1 the self-absorption dips are more likely to be present at higher pressures including atmospheric pressures. In most of the LIBS literature selfabsorption is categorized as an undesirable phenomenon in LIBS. We demonstrate that the right approach is to focus on the re-absorption dip seen in transitions from the ground state, which is neither affected by Stark shift nor by spectral broadening providing a higher resolution.

In Fig. 4.5 LIBS spectra obtained from various samples at atmospheric pressure are presented. The LIBS was performed via the UV filament for all these samples. Notably, the self-absorption dips have a considerably narrower full width at half maximum (FWHM) than the emission lines. The emission lines exhibit Stark shifts, while the selfabsorption dips occur at the exact wavelengths listed by NIST for the corresponding transitions [60]. This can be realized from the graphs as the self-absorption dip is not symmetrically located at the center of the emission line. Additionally, both the emission lines and self-absorption dips become progressively narrower as the mass of the elements increases. FWHM of ≃ 9 nm [54]. This was estimated by performing multiple successive measurements with DEMON as the center wavelength of each measurement being shifted by 1.5 nm so that the full emission line can be observed. The self-absorption dip has an FWHM of about 289 pm which is much narrower than the emission line. The center of the selfabsorption dip is located at 670.849 nm which is very close to the reported value on NIST which is 670.791 nm. The difference can be attributed to two factors; 1. The DEMON spectrometer's resolution is decreased as you approach higher wavelengths, and 2. The broad width of the self-absorption dip.

In Fig. 4.5(b) LIBS spectrum for an Aluminum ( 27 Al) sample for the transition line of 396.152 nm is represented. The gate width for this measurement was 500 ns and the delay time was 725 ns. Compared to the emission line's FWHM of about 200 pm, the self-absorption dip has a much higher resolution, with an FWHM of about 18 pm. The peak of the emission line is estimated to be red-shifted by about 70 pm due to the Stark shift, while the center of the self-absorption dip is located at 396.152 nm, in very good agreement with NIST data [60]. 
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an FWHM of about 10 pm, which is much narrower than the estimated FWHM of 125 pm for the emission line. It should be noted that for all uranium spectra, the selfabsorption dip is not affected by Stark shift and is located at the exact wavelength values reported by NIST [60]. From these spectra, we can conclude that using self-absorption dips instead of emission lines will increase the accuracy of LIBS measurements. This is because self-absorption dips have much higher resolution compared to emission lines, and they are not affected by Stark shifts. This fact holds true regardless of measurement delay times or gate widths. [55,62,63]. Furthermore, there does not appear to be a Stark shift on these lines, as their wavelengths match the values tabulated by NIST [60].

In another set of experiments, the LIBS spectra from two isotopes of lithium ( 6 Li and 7 Li) were investigated. These two transitions correspond to 670.776 nm for 7 Li and 670.791 nm for 6 Li. The isotopic shift between these two naturally stable isotopes of lithium is 15 pm [60]. As mentioned before in atmospheric pressures the lithium emission lines are very broad and can not be utilized for the detection of this isotopic shift. However as demonstrated in Fig. 4.6(b), by using the self-absorption dips that are much narrower this isotopic shift is resolved. The measured wavelengths for these two lines are 670.830 nm for 7 Li and 670.849 nm for 6 Li which yields a 19 pm isotopic shift [64]. These measured results are in good agreement with values tabulated by NIST. the emission spectrum to a Lorentzian. The self-absorption is fitted to a Gaussian profile.

The center, amplitude, background and width of the profiles are free parameters in the fit.

In our method the complete emission spectrum consists of a Lorenzian emission minus a Gaussian absorption. The fitting procedure enables us to determine the line center with a resolution beyond the pixel size. In Fig. 4.8, the best fit to the 385.957 nm uranium line emission spectrum is a Lorentzian, while the absorption dip is seen to be best fit by a Gaussian.

The delay dependent emission from two samples of uranium and aluminum are presented in Fig. 4.9. The fits presented in Fig. 4.9(a) illustrate clearly the fact that the reabsorption dip central wavelength is fixed within a couple of pm, and that its width decreases with delay. The dashed vertical line shows that the absorption dips are perfectly lined up. The center of gravity of the Lorentzian emission spectra however does not match shock-waves generated in LIBS [50,66]. These values indicate a spherical propagation of the shock-wave. For the second regime, it can be seen that the propagation of the shockwaves is linear with respect to time, and the slope of these lines are 382 m/s and 396 m/s for the 180 mJ and 300 mJ filament, respectively [70]. As in the case of shock-waves created by UV filaments (Section 2.5), the speed of the acoustic disturbance is higher for the higher energy.

Conclusion

The time-dependent dynamics of emission and absorption profile reveals the expansion and de-excitation of plasma plume in time scales from tens of nanoseconds to up to ms.

Shadowgraphy is a technique that provides spatial information on the plasma development at the same time scale [50]. These measurements have not been associated with the appearance of the dip in absorption. Our own shadowgraphy measurement of the plume associated with the 200 ps UV filaments does not shed any light on the phenomenon because the dip is already fully developed at the shortest delay at which the spectrum can be recorded. At any rate, the shadowgraphy experiment gives only direct information on the position of the shock-wave associated with the plume, and no information of the pressure and temperature behind the shock-wave. As a complement to the shadowgraphy measurement, time-resolved plasma interferometry (wavefront analysis of a plasma probing pulse) was reported [71]. While the wavefront measurements show a region of higher pressure along the shock wave, there is region of very low density and higher temperature along the filament that created the plasma. The same low density should be present in the filament or focused beam creating the plume. But the comparison can only be qualitative, because a much stronger perturbation should be created by the particles and ions expelled from the solid. It is to be expected that the metal particles in the low pressure region absorb the radiation emitted at the surface. The narrowness of the re-absorption dip is attributed to the reduced pressure broadening.

Our study suggests that dynamics of self-absorption and emission can be exploited to understand hydrodynamics of plume expansion and cooling at times below 1 µs. Self-Chapter 4. High-resolution spectroscopy induced with UV filaments absorption with UV filaments can be explored in free space at atmospheric pressure. Further study should involve, in addition to time-resolved spectroscopy, shadowgraphy at the earliest time scale with subnanosecond pulses, combined with plasma interferometry (wavefront analysis of a plasma probe) Quantitative analysis of spectral analysis such as the Stark broadening [27] will reveal the time dependence of electron density in plasma.

Future Work

A commonly cited claim in the literature is that self-absorption is an unfavorable phenomenon in Laser-Induced Breakdown Spectroscopy (LIBS) measurements, as it can interfere with the direct measurement of emission peak intensity, which is used to determine the concentration of different species in a sample. Further investigation is needed to determine the relationship between the intensity of self-absorption dips and the concentration of species in a sample. Further investigation of the electron density and temperature of the plasma in LIBS via UV filaments is going to be performed.

As mentioned, the shadowgraphy measurement of the plume associated with the 200 ps UV filaments does not provide any insight into the phenomenon because the dip is already fully developed at the shortest delay possible to record the spectrum. To increase the temporal resolution of the shadowgraphy measurements, two essential changes in experimental parameters are required. Firstly, the 10 ns green probe beam needs to be replaced with a shorter laser pulse. Secondly, since the delay between the UV laser and the probe beam is controlled electronically, it has an approximate electronic jitter of 10 ns associated with the delay generators. To resolve both these limitations, we plan to use 200 ps green laser pulses from our UV laser system as the probe beam. These laser pulses are in complete synchronization with the UV laser pulses and have much shorter pulse widths compared to the 10 ns laser pulses. An optical delay line will be used to control the delay between the green laser pulse and the UV pulse. We will use the Schlieren technique in-Chapter 5

Investigation of laser-induced discharge via UV filaments

Introduction

Triggering and guiding high voltage electrical discharges can have many applications.

Among them, control of lightning has caught attention during the past years [1][2][3][4][5][6]. Lightning is one of the most lethal and damaging natural phenomena. Between the years 2020 and 2022 lightning has caused more than 19,000 wildfires burning more than 12,000,000 acres in the US at the cost of billions of dollars [7]. The yearly cost of lightning is much higher if one includes the annual loss resulting in damage to electronic systems, buildings, infrastructures, aircrafts, and space rockets [8]. Many believe that the number of lightning strikes is going to be increased due to climate change [9], and considering the incredible destruction and cost of lightning caused damage, there is an urgent and continuing need to provide lightning protection to national forests and other critical assets. The ultimate goal is to create a mobile unit capable of following a storm, trigger lightning reliably and instantaneously, and discharge it to a location where the current/charge could be dissipated The first known attempt to manually discharge a cloud has been performed by Benjamin Franklin in 1752. He has tried to send a kite into the stormy sky in order to provide a preferential path for the discharge from clouds to the ground. Since then different approaches have been tried to discharge and control lightning. One of these approaches which is based on the idea of creating an artificial conductive path for lightning is to utilize small rockets trailing a long grounded wire to guide lightning discharges, a technique first used in 1967 [10]. The rockets can not be launched on a semi-continuous basis, hence the success of this method is dependent on the correct firing moment of the rocket as it needs to be launched at the right moment when appropriate lightning conditions are already present. The charges created at the high local field of a sharp point, in this case, the rocket and wire, modify the electric field resulting in the reduction of the effectiveness of this method. 1 This method has only 60% success rate as reported in [12], requires expendable wires and rockets, and cannot be implemented in urban areas as its falling debris are a danger to buildings and humans. A more reliable, faster method applicable at a higher repetition rate is desirable if the goal is to discharge a cloud rather than capture occasional lightning.

Since the invention of lasers they have been investigated as potential candidates for guiding and triggering lightning discharges, and high power laser beams have been beamed to the sky in multiple attempts to achieve this goal. Attempts in the early 90's with CO 2 lasers [13] failed because the laser produced ionization consisted of discontinuous "plasma beads". On the other hand, ultrashort laser filaments are promising candidates in that regard, because they produce ionized channels over extended distances comparable with atmospheric scales [14][15][16].

Most of the works to date have focused on near-infrared filaments [17][18][19], due to the Chapter 5. Investigation of laser-induced discharge via UV filaments wide availability of the Ti:Sapphire technology providing 800 nm pulses. More recently, excursions further into the IR [6], and even in the mid-infrared [20], have also shown that the larger filament volume and energy partly balance the low density of free charges related to the less efficient multiphoton ionization for larger wavelengths.

Conversely, the ionization of O 2 only needs three photons at 266 nm instead of eight at 800 nm. The multiphoton ionization is, therefore, more efficient at shorter wavelengths, which results in much higher plasma densities in the case of an ultraviolet laser [21,22]. Furthermore, they produce a more homogeneous plasma channel than their near-infrared counterparts [23] and can give rise to similar multiple filamentation patterns that provide numerous filaments in parallel, adding up their conductivities [24]. Indeed, the first proposal to guide lightning using ultrashort lasers focused on ultraviolet lasers [25]. However, experimental demonstrations, that were performed over several tens of centimeters in both pure nitrogen and air, relied on tightly focused (f = 0.3-1.5 m) UV lasers rather than on loosely focused, filamenting beams [26][27][28].

The lifetime of the plasma is in the range of nanoseconds to tens of nanoseconds for the free electrons [29] and in the microsecond range for the ions. The speed of the guided discharge propagation amounts to 10 5 m/s for a leader regime in gaps or 3-7 m [18], and 10 6 m/s in a streamer regime for a shorter gap of 2 m [30]. Although this propagation speed is 10 times faster than that of unguided discharges, it constitutes a clear limitation to the triggering and guiding of discharges on distances in the meter range and above. It can be concluded that the guiding mechanism in filament induced discharges is the air rarefaction caused by the shock-wave (due to recombinations) that creates a preferential path for the discharge [31]. It would be desirable to have the discharge guided by the conductivity of the plasma. Unfortunately, as mentioned the filament created plasma lives only for a few nanoseconds, while it takes microseconds to establish a discharge. Diels and Zhao [25] suggested adding to the main ionizing pulse either longer pulses in the visible range or a train of ultraviolet pulses, in order to photodetach electrons from both O 2 -and O -ions, keeping highly mobile free charges, namely electrons, available. Rambo et al [27] quantified this approach, estimating that at least 5 J at 750 nm in about 10 µs are necessary to maintain the plasma density created by 100 mJ, 800 fs, 248.6 nm laser pulses at a repetition rate of 10 Hz, so as to guide discharges over 10 m.

The objective of the tests presented in this chapter is to:

• Investigate the effectiveness of UV filaments to trigger a discharge • Investigate the possibility to increase the length and density of the filament created electron plasma by using nanosecond pulses of other wavelengths. 10 ns frequencydoubled Nd:YAG laser at 532 nm was chosen for photodetaching O -, and a Nd:YAG laser at 1064 nm for plasma heating. ) are used to charge each capacitor bank up to 300 kV. These power supplies were originally designed for insulation resistance testing of dielectric materials, in which case the leakage current is very small. To ensure safety, the controller is equipped with a safety relay that shuts down the 300 kV power supply when the detected current exceeds the rated value of 5 mA. However, the discharge current in our experiments was in the range of hundreds of Amperes. Therefore, additional capacitor banks are necessary to Chapter 5. Investigation of laser-induced discharge via UV filaments the photodetector. The high-voltage control boxes as well as the oscilloscope and the laptop used to collect data were set outside of the HV lab and shielded from electromagnetic radiation in a grounded metal box. All the cables inside the HV lab were shielded inside grounded metallic mesh in order to be protected from noise.

For safety purposes, the HV lab at CHTM is not only located on the roof of the building, but it is also built as a Faraday cage to prevent radiated fields from coupling to the structure. The Faraday cage consists of a two-layer shield with a single ground point between the layers. The inside layer is made of wire mesh, while the outside layer is made of solid metallic plates. Additionally, the HV lab has its own separate single-ground return, rather than using the utility or building structure ground. To estimate the electrical field distribution inside the Faraday cage, simulations were performed for the case of applying 300 kV to each electrode2 . As shown in Fig. 5.3, the maximum electric field at the walls of the cage is 1 kV/cm, which is significantly lower than the minimum electric field required for breaking down in the air for the proposed distances of high voltage elements in the HV lab. The discharge circuit is also designed in a way that a short circuit inside the cage could be formed in case a discharge happens between the shield and high-voltage sources.

Laser sources

The experiments were performed using three different laser sources:

• A home-designed UV laser delivered 200 ps long pulses with 0.27 J output energy at a central wavelength of 266 nm and 1.25 Hz repetition rate [32,33].

• Thales green laser with a wavelength of 532 nm, pulse energy of 0.85 J, and pulse width of 10 ns. • Thales IR laser with a wavelength of 1064 nm, pulse energy of 1.1 J, and pulse width of 10 ns.

These three beams have been expanded and combined in the laboratory before being sent to the roof. Combining three laser beams with different wavelengths requires both spatial and temporal alignment. Achieving temporal alignment is easy: the Q-switches of the three lasers can be fired with the desired timing. However, achieving spatial alignment is more challenging, as the transverse overlap is required even after the beams have propagated for 30 meters. Additionally, longitudinal overlap, or alignment of the beam focus positions, is necessary because high-intensity beams are required for photo-detachment and plasma heating. the divergence of the 1064 nm and 532 nm laser beams, respectively, such that the large chromatic aberration of the focusing lens can be compensated. With these arrangements, it was possible to propagate these 3 beams collinearly over about 30m to the roof. The previously mentioned UV laser energy is measured at the source. The UV beam goes through 3 lenses and is reflected from 6 mirrors, it will have lost energy through all these Chapter 5. Investigation of laser-induced discharge via UV filaments optics before reaching the electrodes. We measure a transmission factor of 70% from the source to the middle position between the electrodes. Consequently, the UV pulses have an energy of about 185 mJ at the location of the discharge.

Experimental results

UV filament induced discharges

In this section, high-voltage discharges induced by only UV filaments are discussed. Different gap distances and electrode configurations were investigated. In Fig. 5.5 images of completely guided discharge (a) and partially guided discharge (b) between the electrodes are presented. The gap distance between the electrodes is 37.3 cm and 186 kV and -186 kV are applied to the positive and negative electrodes. Pictures of the discharge were taken with a camera synchronized with the UV laser pulse. In the case of partially guided discharge, it has been observed that the guided portion always occurs on the negative electrode side (the right side of the image). This phenomenon is similar to what has been observed in long-gap laser-guided discharge [34]. This phenomenon can be explained by the fact that plasmas are more effective at guiding streamers and leaders from a negative electrode than from a positive electrode, and the discharge development from the negative electrode plays an important role in the guidance effect.

For any specific gap distance between the electrodes, the self-breakdown voltage is defined as the voltage at which discharge occurs without the presence of the triggering laser. It has been reported in the literature that by using 800nm filaments to trigger the discharge a 20 to 30% reduction in the breakdown voltage in comparison with the selfbreakdown voltage has been reported [17,19,[35][36][37]. In our measurements with the UV Filament, we observed a 50% reduction of the breakdown voltage with respect to the selfbreakdown voltage which is a significant reduction. The results of these measurements Chapter 5. Investigation of laser-induced discharge via UV filaments between the laser pulse and discharge for this specific discharge is 650 ns. The right corresponds to a smaller 5cm gap. The voltages on the spheres are 36 kV and -36 kV respectively. The peak negative current is 0.199 kA, which is much smaller than that for the long gap. The delay between the discharge and the laser pulse is about 733 ns for the imaged discharge.

The delay between the UV pulse and the first negative current peak, as presented in 

Combination of the UV filament with two other lasers

As discussed in the introduction the objective is to decrease the discharge threshold and reduce the delay between laser and discharge by adding a green (532nm) laser pulse for Chapter 5. Investigation of laser-induced discharge via UV filaments photodetachment of O -and an IR (1064nm) laser pulse for plasma heating. We investigated different combinations as follows:

• Only UV Filaments

• Combination of UV Filaments and Green laser pulses (532nm). We did various tests for different voltages and also different delay times between the UV Filament and Green laser pulses.

• Combination of UV Filaments and IR laser pulses (1064nm). We did various tests for different voltages and also different delay times between the UV Filament and IR laser pulses.

• Combination of UV Filaments, Green laser pulses (532nm), and IR laser pulses (1064nm). We did various tests for different voltages and also different delay times between the UV Filament, Green laser pulses, and IR laser pulses.

• Green laser pulses, IR laser pulses, and a combination of Green and IR lasers.

Various parameters for each set of data were recorded, such as the temperature inside the HV room, the barometric pressure, the absolute and relative humidity, the laser pulse energies, the discharge shape, the current waveform, the spectrum of the discharge, and the voltage on the electrodes. The temperature and relative humidity in the experimental chamber varied from 27°C to 35°C and 13% to 23%, respectively during the campaign.

For each set of data, 100 data points were recorded (in other words 100 laser shots). The probability of discharge, the average delay between the laser pulse and discharge, and the mean square deviation of the delay were the main analyzed data for each set of data.

The experimental results can be summarized as follows. No laser induced discharge was observed for the Green laser pulse alone, IR laser pulse alone, or their combination.

One of the main characteristics of the collected data is having a large mean square deviation of typically 30%. As a typical example of data, Fig. 3.8 kΩ/cm and 3.2 kΩ/cm, respectively. The conductivity has been slightly improved by adding additional short pulse lasers. However, as can be seen from the measurements, there are very large standard deviations, which make it difficult to definitively conclude the extent of the improvement. However as can be seen the measurements depict very large standard deviations, which makes it difficult to definitively conclude the degree of improvement. Similar measurements were also performed for the case of plasma induced by UV filaments with 11.5 cm gap distances. The average measured resistance was about 5 kΩ/cm.

The resistance per unit length of the plasma channel induced by UV filaments is calculated to be in the range of 3.8-5 kΩ/cm, which is lower than 9 kΩ/cm measured during a recent similar experiment with NIR filaments [37,38]. Hence, the conductivity of the plasma channel generated by the UV filaments is significantly greater than that of the plasma channel created with the NIR filaments. This finding is in agreement with the findings of Liu et al. [22], who reported that the UV filament has a greater capacity for inducing high-voltage discharges.

As mentioned before the conductivity of the plasma channel along the direction of the filament's propagation is also measured using the circuit illustrated in Fig. 5.9(b). The current waveform is converted to a voltage waveform using a 10 Ω resistor and recorded by an oscilloscope. Two metallic square plane probing electrodes with an area of 4 cm 2 were placed on either side of the beam and moved along the propagation axis. The distance between the two electrodes was 2 cm and 10 kV was applied to the 2 nF probing capacitance. It could be beneficial to compare the beam profile of the UV filament along its propagation path with the respective conductivity presented in Fig. 5.10(b). Figure 5.12 shows pictures of successive beam profiles as a function of the distance from the 9 m lens.

The initially super-Gaussian profile has diffracted, propagating through turbulent air, until reaching the 9 m focal lens (beam diameter 20 cm). Multiple filaments are generated, as been reported in similar focusing conditions (f = 10 m) with near infrared filaments [39].

The distance over which the filaments are observed is about 2 m, which is much longer than the Rayleigh range (approximately 1 mm) for this focusing scheme.

Shadowgraphy measurements

The impulsive heating of air by an electrical discharge creates shock-waves of cylindrical the symmetry which propagates outward from the center line, leaving a low density channel behind. Initially, the shock-waves propagate with velocities much larger than the speed of sound, i.e. supersonic, but their velocity rapidly decreases to the speed of sound as they propagate The shadowgraphy technique is used to investigate the characteristics of the mentioned low-density tube and shock-waves created by the UV filament induced electrical discharges. Shadowgraphy is an optical technique that can be used for the investigation of small amplitude changes in refractive index in transparent materials, which in be seen that for the first regime (Fig. 5.15(a)), the experimental data points are in good agreement with Sedov equation, with d = 2.057 which as expected corresponds to cylindrical propagation. As it is obvious from the Sedov formula the constant a represented in Fig. 5.15(a) is proportional to the deposited energy per length. From this value, the total deposited energy into the electrical discharge can be estimated to be 2.77 J. The air density at Albuquerque is estimated to be 0.9 kg/m 3 for the environmental conditions on the day of the experiment. The total energy stored in the two capacitor banks equals to 3.125 J, which is a close number to the calculated energy. For the second regime, it can be seen that the propagation of the shock-waves is linear with respect to time, and the slope of the slope of the line is 495 m/s.

Conclusion

Laser induced discharge in air can be achieved at voltages which are less than the half voltage needed for self-breakdown. UV filaments are capable of creating transient conductivity about 200 times bigger than IR (800 nm) filaments. Adding the Green (532 nm) 161

Chapter 5. Investigation of laser-induced discharge via UV filaments and/or IR (1064 nm) laser pulses did not have any statistical significant effect on the discharge probability or on the delay between the discharge and laser pulse. This may be due to the fact that these laser pulses are not long enough to have significant effect on discharge. These result are in agreement with measurements of electron density in 800 nm filament reported by A. Zigler [43]. In these measurements, a nanosecond pulse Nd:YAG pulse was delayed with respect to the 800 nm fs pulse. A slight increase in electron density was only recorded for delays less than 10 ns. On can conclude therefore that longer pulses are needed to keep the air ionized for the time needed to establish a discharge. Test made with an Alexandrite laser were unsuccessful: these pulses could be stretched to 1

µs, but the energy was limited to 200 mJ, not sufficient for plasma heating. Longer pulses and longer wavelength are desirable, such as could be achieved with atmospheric pressure CO2 lasers. Better control over the transverse beam profile of the UV pulse is desirable, in order to achieve better confinement of the filament. In the case of 800 nm filaments, a better confinement of filaments has been reported by a combination of collimation and astigmatism control of the beam [43].

Future work

Another set of measurements that can be beneficial to a better understanding of the discharge mechanism is to study the spatial and temporal profile of electric fields involved in the discharge. Before we simulated the electric field evolution during a discharge. [11]. We believe that the electric field, both in time and space, can be measured by using the nonlinear four-wave mixing process as follows: E 2ω ∼ χ (3) E * ω E * ω E Electric f ield . The schematic of the proposed setup for electric field measurements is illustrated in Fig. 5.16 (b). There are multiple papers in which authors have measured the χ (3) of air and by knowing the intensity of the probe beam, by measuring the SHG by a detector we will be able to calculate the Electric Field. By using a translation stage to spatially scan the discharge and
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 7 Fig.3.7(a). The raw data for both 391 nm 428 nm cases are shown in blue and red respectively. The green dotted curve is the fit to data in proximity of the peak. The de-convoluted fast decaying emissions of 391 and 428 are calculated using the instrument response function of the Rayleigh scattering of the femtosecond pulse shown with black curve. There are two time constants for the ion emission known as "fast" and "slow" decay.

5 The

 5 (a) The LIBS spectrum of aluminum (Transition from 3s 2 3p J = 3/2 state to 3s 2 4s J = 1/2 at 396.152 nm) using a 10 ns pulse at 1064 nm focused by a 40 cm lens is shown for gate delays of 3, 5. 5.5, and 6 µs. The first delay time of 0.5 µs shows the continuum emission rather than emission from the spectral line. The self absorption dip is only recognized at the latest gate delay. (b) LIBS spectrum taken with a 266 nm pulse of 200 ps duration, 200 mJ energy, focused by a 40 cm lens is taken for much shorter delays of 225,525, 725 and 925 ns. . 114 4.LIBS was performed via the UV filament at atmospheric pressures. (a) The lithium ( 6 Li) transition line of 670.791 nm is represented. The gate width for this measurement was 1 µs and the delay time was 25 ns. The self-absorption dip has an FWHM of about 289 pm which is much narrower than the emission line. (b) The Aluminum ( 27 Al) transition line of 396.152 nm is represented. The gate width for this measurement was 500 ns and the delay time was 725 ns. The self-absorption dip has an FWHM of about 18 pm which is much narrower than the emission line. (c) and (d) show three transition lines of uranium ( 238 U ), with wavelengths of 393.098 and 393.202 nm for (c), and 385.957 nm for (d). The gate width for this measurement was 500 ns and the delay time was 725 ns and 425 ns for (c) and (d) respectively. The self-absorption dips have FWHM values of approximately 8 and 9 pm for (c) and 10 pm for (d) which are much narrower than the emission lines. . . . . . . . . . . . . . . . . . . . . . . . . . . . 117 xxv
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 438 Left) LIBS spectrum of steel taken with a 200 ps pulse of 200 mJ energy, focused by a lens of 40 cm focal distance at gate delays of 1, 3, and 5 µs. A broad emission structure can be seen between 301.44 nm and 301.54 nm, which includes three chromium transitions from the 3d 4 4s 2 [J = 1, 2, 3] ground state to the 3d 4 ( 5 D)4s4p( 1 P °) [J = 2, 3, 0] levels at 301.476 (A), 301.491 nm (B), and 301.520 nm (C). Emission lines labeled D (chromium transition from 3d )4s J = 7/2 to 3d 4 (a 3 F )4p J = 7/2 at 301.550 nm) and E (iron transition from 3d 6 4s 2 J = 5 to 3d 7 ( 2 H)4p J = 4 at 301.592 nm), do not show a re-absorption dip. Right) LIBS spectra of the two isotopes of Lithium. The transition lines for these two isotopes are at 670.830 nm (Li7) and 670.849 nm (Li6) which indicates an isotopic shift of 19 pm. The emission line extends far beyond the boundaries of the figure. Samples are irradiated by a UV filament at atmospheric pressure. UV laser pulse is a 200 ps pulse of 200 mJ energy, focused by a lens of 40 cm focal distance. . . . . . . . . . . . . . . . . . .4.7The time evolution of the emission spectra for the 424.166 nm transition line of a uranium ( 238 U ) sample is shown for delay times ranging from 25 ns to 1025 ns. For all the spectra the gate width is 500 ns. . . . . . . . . . . . . . . . . 4.spectrum of the uranium line (Transition from 5f 3 (4I°)6d7s 2 state to 5f 3 6d7p at 385.957 nm), for gate delay of 425 ns, and 40 cm focalization.. The stars are the data points, the solid green line the fit consisting in a Gaussian line (red dotted line) subtracted from the Lorentzian fit (dashed line). . . . . . . .

  Fig. 4.8 versus gate delay. (a) Wavelength of the emission (at the peak of the Lorentzian) and of the re-absorption (at the peak of the Gaussian fit). The 50 pm stark shift of the emission (solid line) rejoins the absorption dip wavelength (dashed line) for delays in excess of 1 µs. (b) Decrease of the width of the absorption dip versus delay. (c) The broader width of the emission line exhibits a faster decay rate, indicating a faster cooling/expansion of the excited region. (d) Total integrated absorption (area under the Gaussian) versus delay. (e) Total integrated emission (area under the Lorentzian) versus delay. (f) Ratio of (d) to (e). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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 a High voltage lab and mirrors on the roof. The path of the laser beam(s) is shown by red arrows. (b) and (c) are showing the guiding optics. M9-10: 45°1064 and 532 and 266 nm HR mirrors; L1: Fused silica Lens with 9 m focal length. For the complete schematics of the optical elements please refer to Fig. 5.4. D: The optical detector which is used to monitor the UV filament arrival time. Filters have been located in front of the detector to ensure that only the UV beam is detected by the detector. . . . . . . . . . . . . . . . . . . . 5.2 a) Experimental setup. (b) Schematic diagram of the circuit. . . . . . . . . .

  and propagation of three laser beams into the high voltage lab on the roof; M1-2: 45°266 nm HR (High Reflection) mirrors; M3-5: 45°1064 nm HR mirrors; M6-7: 45°1064 and 532 nm HR mirrors; M8-10: 45°1064 and 532 and 266 nm HR mirrors; M11: HR 532 nm and HT (High Transmission) 1064 nm beam combining mirror; M12: HR 266 nm and HT 1064 and 532 nm beam combining mirror; L1: Fused silica Lens with 9 m focal length; TL1: Telescope with a magnification of 2.7; TL2: Near afocal telescope with a magnification of 1.13; TL3: Telescope with a magnification of 7; All the telescope lenses are uncoated fused silica. The propagation distance of the UV laser up to the middle of the two electrodes is approximately 30 meters. . . . . . . . . . . . . . . . 5.12 The beam profiles of UV filaments at different distances from the 9 m focusing lens. These beam profiles are captured by a digital camera recording the impact of the UV filament on a piece of paper. Different colors correspond to the fluorescent emission from the paper which is changing based on the impacted beam intensity. The white dots in the figure are related to multiple filaments. . . . . xxviii List of Figures 5.13
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 11 Figure 1.1: Diagrams illustrating the basic principle behind (a) self-focusing and (b) plasma defocusing. (c) Diagram illustrating the filamentation dynamics.

Fig. 1 .

 1 2(b) by decomposing the laser pulse in successive temporal slices of different intensities. As the intensity increases along the leading edge of the pulse, it reaches the critical intensity (Eq. (1.4), leading to self-focusing. The subsequent slices will reach focal points closer to the source as the intensity increases. The fourth slice corresponding to the peak intensity in the figure will focus at the shortest distance.
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 12 Figure 1.2: (a) Sketch of the cw filamentation observed in suspensions of dielectric spheres [5]. (b) Moving focus model.
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 13 Photon energy
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 14 Figure 1.4: Attenuation lengths for various atmospheric factors. Solid line: water absorption. Dashed line: Rayleigh scattering. The red, green, dotted blue, and solid dark blue lines indicate wavelengths of 800 nm, 532 nm, 355 nm, and 266 nm, respectively.
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 1515 Figure 1.5: Trend in the wavelength range from 248 to 800 nm for single filaments. Second column: intensity range. Third column: range of energy/filamenting pulse. Fourth column: dominant loss mechanism. Fifth column: some references. Zhao 1995 = [7]; Smetanin 2016 = [49]; Zvorykin 2015= [50]; Chalus 2008 = [51]; Daigle 2010= [52]; Braun 1995 = [6].

  takes only 3 photons at 266 nm to ionize oxygen we can calculate the electron density in a constant field

Figure 1 . 6 :

 16 Figure 1.6: Evolution of the electron density N e as a function of time for a step-function irradiation of intensity I = 0.54 TW/cm 2 [54].

Figure 1 .

 1 Figure 1.6 shows the temporal evolution of the density of electrons as a function of time, for a step-function intensity of 0.5 TW/cm 2 (intensity measured in UV filaments[45, 

. 20 )Figure 1 . 7 :

 2017 Figure 1.7: (a) Setup for measurement of absorption by O -(D1,2=Detectors, IF=Interference filter). (b) Induced absorption trace on the He-Ne beam [55].

  .21) where L is the length of interaction region between the focused He-Ne laser beam and the plasma. The measurement of the absorption coefficient α at the He-Ne wavelength leads to the concentration in O -ions since α = σN O -, where σ = 5.8 • 10 -18 cm 2 [56]. At 1 atmosphere, with an ionizing laser power of 10MW (intensity of 2.5•10 11 W/cm 2 ), an attenuation of 34% of the probe He-Ne laser is measured. This leads to an estimate of N O -= 5.6 • 10 16 cm -3 for the density of O -.
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 18 Figure 1.8: Absorption at 633 nm is induced by the recombination of electrons with oxygen. The absorption coefficient is proportional to the concentration of O -ions, which is proportional to the number of photoelectrons. Circles: 2 atm pressure, Triangles: 1 atm pressure. The straight lines indicate the slope corresponding to the (UV laser power) 3 [55].

  Fig 1.8 to get a rough upper estimate of the 3-photon ionization cross section of oxygen. That estimate gives σ (3) = 4.1 × 10 -41 m 6 s 2 /J 3 , close to the theoretical value of
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 1 Laser filamentation beam preparation scenarios on UV filamentation. Beam preparation by focusing in vacuum and launching into the atmosphere through an aerodynamic window establishes the existence of filaments as self-guided non-diffracting entities. Aerodynamic window is a tool in which a supersonic flow of air is forced through a narrow nozzle. As the air flows through a curved expansion chamber, it creates a pressure gradient from vacuum to atmospheric pressure which results in the effective separation of the low vacuum chamber (pressure of about 10 torr) from atmosphere. Furthermore, focusing through the aerodynamic window transforms the initial super-Gaussian beam profile into a parabolic shape at the edge of the nonlinear medium (air). The impulsive heating of gas by UV filaments creates shock-waves of cylindrical symmetry which propagate outward from the center line, leaving a low-density channel behind. The shock-waves generated by the UV filaments are examined using shadowgraphy techniques. Analysis of the shadowgraphy data reveals that the low-density channel forms within 300 ns and maintains stability and uniformity for up to 200 µ s. At sufficiently high repetition rates, it becomes possible to sustain this low-density channel, creating a stationary waveguide that can be utilized for optical guiding purposes. Following the investigation of UV filamentation, the chapter proceeds to discuss the progress made in developing a new high repetition (up to 20 kHz) laser source.

Chapter 2 .

 2 UV laser filaments is about τ ph = 295 ps. With a 10 ns input pulse of 2.4 J energy, a minimum compressed pulse duration of 180 ps (0.6τ ph ) and output energy of 1.2 J (at 532 nm) is achieved in a SBS amplifier cell. Details can be found in[27]. The compressed green pulses are thereafter frequency doubled in a KDP crystal, with an efficiency limited to only 10 to 20% by two-photon absorption. The resulting pulses at 266 nm are 200 ps in duration and have 300 mJ energy per pulse[4, 28].6 stages of amplification
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 21 Figure 2.1: Schematic diagram of the UV laser.

  Figure 2.2(b) shows the circle of filaments created by this flat-top profile. If focused in vacuum, in the absence of nonlinearity, the beam profile will be the Fraunhofer diffraction of the supergaussian shown in Fig. 2.2(c). This far field diffraction having a parabolic profile on axis is favorable for the formation of a single filament, as shown in Fig. 2.2(d). The challenge here is not to focus the beam in vacuum, but to launch the focused spot in air through a window that can withstand the high intensity of the beam. It is shown in the next subsection that
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 22 Figure 2.2: (a) Profile of the super-Gaussian 266 nm beam. (b) Filament pattern produced by the profile (a) in air (Aerodynamic window is not operational). (c) Far field profile as produced in vacuum with the operational aerodynamic window (hence in the absence of nonlinear effect) at the focus of a lens. (d) Single filament profile taken at 2 m from the exit of the aerodynamic window.
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 23 Figure 2.3: (a) Profile of the aerodynamic window nozzle and expansion chamber, cut in an aluminum bloc. The cut is 20 mm deep. The arrow indicate the direction of propagation of the light from vacuum to atmosphere. The light passes through a 3 mm diameter hole, or in another realization a 3 mm × 20 mm slot. (b) Setup for investigation of the stability of the beam profile of a He-Ne laser going through the aerodynamic window.

  3(b)]. Successive images of the beam profile of the He-Ne laser are captured at 2.4
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 24 Figure 2.4: Comparison between the centroid (left) and the beam waist (rigth) of the beam profile of a He-Ne laser (for 49 successive images), with and without an aerodynamic window. The expanded He-Ne laser beam is focused with a 3 m lens.
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 25 Figure 2.5: Experimental setup which is used for observing the spatial profile of the UV filaments.

  Fig 2.6(a) and Fig. 2.6(b), the beam profile of the UV filament for the case of focusing in vacuum using a 3 m lens (operational aerodynamic window) is represented.
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 26 Figure 2.6: (a) and (b) UV filament beam profile for the case of focusing with a 3 m lens in vacuum (operational aerodynamic window) [37]. The UV filament has a FWHM of about 375 µm. This is measured using the setup described in Fig. 2.5. The CCD is 2 m away from the exit point of the aerodynamic window. (c) Calibration image of the focused UV laser beam at very low power, exiting the aerodynamic window, taken with an image intensifier and a CCD. The 13 µm waist is a few cm before the exit plane of the window. (d) Image of the filament taken with the image intensifier and a CCD, showing a FWHM of about 300 µm.
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 27 scheme.
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 28 Figure 2.8: (a) Picture of the shadowgraphy setup. (b) Schematic diagram of the shadowgraphy setup.
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 29 Figure 2.9: Shadowgraphs of UV filament vs time. (Top) Focused with a 1m lens. (Bottom) Focused with a 3m lens. The low density tube and shock-waves are demonstrated by white arrows and dashed lines respectively.
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 210 Figure 2.10: Image of the plasma channels taken with a digital camera from the side for the filaments generated with three focusing lenses of (a) 0.6 m, (b) 1 m, and (c) 3 m [39]. The initial beam diameter is the same for all three pictures. The Rayleigh range is approximately 1 mm for (c), hence much smaller than the plasma length.
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 29 the shadowgrams taken at different delays following the filament excitation, for the three focusing geometries. The low-density tube and shock-waves are indicated by white arrows and dashed lines, respectively. Two-speed regimes are observed with respect to the propagation of the shock-waves generated by the filament.
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 211 Figure 2.11: Propagation distance R of the shock-wave versus time. a) In the first regime the shock-wave propagation follows the Sedov formula [49] for cylindrical symmetry (d = 2). b) In the second regime the shock-wave propagates at constant velocity.
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 2212 Figure 2.12: Right) Schematic of the new cooling system of the Ti:sapphire crystal. Left) Picture of the new regenerative amplifier Ti:sapphire crystal chamber.
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 214 Figure 2.14: Picture of the regenerative amplifier cavity. Green: the path of the pump beam. Red: the path of the 800 nm pulses.
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 215 Figure 2.15: Schematic of the thermal lensing measurement setup.
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 2216 Figure 2.16: Pictures from the beam profiler. (a) He-Ne profile at 32 cm from the Ti:sapphire crystal, with pump off. (b) He-Ne profile at 32 cm from the Ti:sapphire crystal, with 70 W 532 nm pump. (c) and (d): measurements corresponding to (a) and (b), except at 56.5 cm from the crystal.(e) He-Ne beam profile at 32 cm from the crystal, when the pump is focused on the axis with a 60 cm focal distance lens. (f) He-Ne beam profile at 32 cm from crystal, when the pump is focused by a R = 1 m mirror at an angle of incidence of 6°. (g) The effective waist provided by the beam profiler program vs distance from the center of the crystal. For both sets of measurements, the crystal temperature has been sustained at -3°C.

Figure 2 . 17 :

 217 Figure 2.17: Schematic representation of the detection mechanism of a velocity-map imaging setup [63].

Figure 2 . 18 :

 218 Figure 2.18: Overview of the velocity map imaging technique. Electrons/ions emitted created by the interaction of laser pulses with matter are projected by the electric field of the electrostatic lenses onto the detector. As the result, a 2D projection of the velocity and momentum distribution is created on the detector [65].

Figure 2 . 19 :

 219 Figure 2.19: Overall picture of the assembled VMI setup.

Figure 2 . 20 :

 220 Figure 2.20: Schematic drawing of the VMI setup showing different parts and connections.

Figure 2 .

 2 Figure 2.21: (a) The schematic design of the gas feeding system including the gas manipulator.

1 to 5 :

 15 .23(a) the 2D schematics of the geometry of the electrostatic lens are demonstrated. A picture of the detection setup which is assembled on the feedthrough is presented in Fig. 2.23(c). In Fig. 2.23(d) the schematics of different feedthrough electrodes are shown. This schematic can be used to identify different voltage inputs on the feedthrough for the 5 electrostatic lenses and the MCP assembly. The parameters in the figure correspond to the following voltages: V A : Voltage on the phosphor screen, V I : Input voltage of the MCP, V O : Output voltage of MCP, Electrostatic lenses as labeled in Fig. 2.23(c). Red numbers 1-3 corresponds to the numbering marked in black on the outside of the flange which can be used for identification purposes. As mentioned before both the molecular beam and the focused laser filament are going interact in the center of the main chamber by the use of the two manipulators.

Figure 2 .

 2 Figure 2.23: (c) Image of the detection assembly. The laser beam and the gas jet cross at a right angle in the center of the space between the repeller and the first electrode. Below the electrode assembly, one can distinguish the multichannel plate (MCP) to amplify the two-dimensional electron image, which produces a visible image on a fluorescent plate. The latter is imaged on a fast CCD camera (Andor Zyla) through the window of the flange. (d) Schematics of different feedthrough electrodes are shown. This schematic can be used to identify different voltage inputs on the feedthrough for the 5 electrostatic lenses and the MCP assembly. V A : Voltage on the phosphor screen, V I : Input voltage of the MCP, V O : Output voltage of MCP, 1 to 5: Electrostatic lenses as labeled in (c). Red numbers 1-3 correspond to the numbering marked in black on the outside of the flange that can be used for identification purposes.
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 2225 Figure 2.24: (a) Simulated trajectories of electrons with initial velocities directed at 90°azimuthal angle are presented. Each trajectory corresponds to different initial energies ranging from 10 eV to 250 eV. For each trajectory 100 electrons which are randomly distributed in a sphere with r=150 µm are simulated. From bottom to top the energies are 10, 25, 50, 100, 150, 200, and 250 eV. (b) The position (R) on MCP vs square root of the energy (E 1/2 ).
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 31 Figure 3.1: Schematic diagram of nitrogen cations energy-levels. The transitions between B 2 Σ + g
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 333 Figure 3.3: Operation timing of a streak camera at the time of sweep [26].

Figure 3 . 4 :

 34 Figure 3.4: Top) From left to right, the image of the plasma induced by focusing 800 nm laser pulses with 10 cm and 40 cm focusing lenses, and the image of the Rayleigh scattering. Bottom) Picture of the streak camera fluorescence detection setup showing different elements of the setup.

Figure 3 . 5 :

 35 Figure 3.5: Sketch of the streak camera fluorescence detection. The side emission of the plasma

Figure 3 . 6 :

 36 Figure 3.6: The blue area is a typical average of 1000 frames, that captured the reference (turquoise spot in the middle-top of the figure) and the scattering of a diffuser (turquoise spot in the middle left). The ordinate is a spatial coordinate, the abscissa time. The total width of the image is swept in 100 ps. The spacing between pixels corresponds to 2.88 ps. The inserted graphs below reference and scattering spots are space integrated recordings of intensity versus time. For ideal resolution, the reference (top) and the image have the same intensity. Note that they have the same width.

Figure 3 . 7 :

 37 Figure 3.7: (a) In yellow: the reference pulse obtained by sending the low intensity laser beam through a dispersed mist. Green: reference pulse obtained with a solid diffuser surface. The center of gravity of the yellow reference will be used as the time of arrival of the fs pulse. (b) Typical averaged streak camera frame.

Figure 3 . 8 :

 38 Figure 3.8: Spatially integrated emission of the nitrogen cation at 391 nm. The fitted function (Equation 3.1) to the fast decay section of the raw data is represented by the green dashed line, and the de-convoluted data is represented by a black line.

Figure 3 . 9 :

 39 Figure 3.9: Spatially integrated emission versus time. (a) and (b) show the normalized emission of the nitrogen cation at 391 nm (a) and at 428 nm (b), respectively for the case of focusing with a 10 cm lens. (c) and (d) show the normalized emission of the nitrogen cation at 391 nm (c) and at 428 nm (d), respectively for the case of focusing with a 40 cm lens. The dashed line indicates the center of gravity of the yellow reference, which is the Rayleigh scattering measured separately at low power as shown in Fig.3.7(a). The raw data for both 391 nm 428 nm cases are shown in blue and red respectively. The green dotted curve is the fit to data in proximity of the peak. The de-convoluted fast decaying emissions of 391 and 428 are calculated using the instrument response function of the Rayleigh scattering of the femtosecond pulse shown with black curve. There are two time constants for the ion emission known as "fast" and "slow" decay[25, 36].

Figure 3 .

 3 Figure 3.10:Table summarising delay times and fast decay times for 391 nm and 428 nm emis-

  10. De-convolution of time dependent signals requires an accurate knowledge of the instrument response function. Estimating a 5% accuracy in the Rayleigh signal, we calculate that a 5% increase in the instrument response changes the fast decay Chapter 3. Measurement of delayed fluorescence in N 2 + with a streak camera of the 391 and 428 nm signals by 0.5 ps, leaving the rise time of the emission unchanged.

Figure 3 . 11 :

 311 Figure 3.11: The 391 nm and 428 nm emission and broadband IR emission (λ > 750 nm) are plotted without normalization for focusing with 10 cm (a) and 40 cm (b).There are two time constants for the ion emission known as "fast" and "slow" decay[25, 36].
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 312313 Figure 3.12: Normalized integrated IR emission from selected spatial regions of the plasma labeled as "A" , "B", and "C" as shown in the legend. The inset shows the relative intensity along the filament for different slices.

Figure 3 . 15 :

 315 Figure 3.15: The 391 nm (a) and 428 nm (b) emission lines for a UV filament are plotted. Results

Figure 3 . 16 :

 316 Figure 3.16: The intensity of the 391 nm emission line along the UV filament is measured. The 3 m geometrical focal point of the lens is represented with a black dashed line. In (a) The blue lines correspond to measurements in which 1.4 kV was the applied gain on the PMT. As the standard deviation on the intensity measurements at the beginning and the end of the scan range for this gain was too high, measurements in these respective positions were repeated with a higher gain of 1.7 kV applied to the PMT which is plotted in red. (b) Schematics of the experimental setup.

Figure 4 . 1 :

 41 Figure 4.1: Left) Schematic of the laser-induced breakdown process (from [14]). Right) Schemat-

Figure 4 . 2 :

 42 Figure 4.2: (a) An image of a typical spectrum of a uranium sample measured by DEMON. The self-absorption dip is present for both uranium lines of 385.464 nm and 385.957 nm. The experiments were performed with UV filaments created by 266 nm laser pulses of 200 ps duration and with energy of 105 mJ per pulse. The gate width is 500 ns, and the delay is 325 nm. (b) A schematic diagram showing the self-absorption mechanism. The temperature gradient is depicted, indicating a hot central region and a colder outer region (inspired by[31]).
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Figure 4 . 3 :

 43 Figure 4.3: Right) Schematics of the LIBS setup. A photograph of the plume produced with natural uranium is shown on top. Different laser sources have been used for the LIBS experiments. Most of the experiments were performed with UV filaments created by 266 nm laser pulses of 200 ps duration and with energies up to 200 mJ. Other sources were: 1. Laser pulses at 1064 nm with 10 ns pulse width, 2. Laser pulses at 532 nm with 240 ps pulse width, and 3. IR filaments created by laser pulses at 800 nm with 50 fs pulse width with 1 mJ energy. The emitted light is collected with a 5 cm aspheric lens and coupled into a fiber. The spectrum is observed with a fiber coupled DEMON spectrometer. Left) The picture of the LIBS setup.
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  (c) and (d) show three transition lines of uranium ( 238 U ), with wavelengths of 393.098 and 393.202 nm for (c), and 385.957 nm for (d). The gate width for this measurement was 500 ns and the delay time was 725 ns and 425 ns for (c) and (d) respectively. As seen in Fig. 4.5(c), the self-absorption dips have FWHM values of approximately 8 and 9 pm, which are significantly narrower than the emission line's estimated FWHM of 70 pm. Similarly, the self-absorption dip in Fig.

Chapter 4 .

 4 High-resolution spectroscopy induced with UV filamentsTo further emphasize that higher resolution is achievable, three chromium (Cr) transitions present in the LIBS signal of a steel sample were investigated. The spectrum of steel reproduced in Fig.4.6(a). Three closely located chromium (Cr) lines corresponding to transitions from the ground state (3d 4 4s 2 [J = 1, 2, 3]) to the upper levels (3d 4 ( 5 D)4s4p( 1 P °) [J = 2, 3, 0]) at 301.476 (A), 301.491 nm (B), and 301.520 nm (C)[60, 61] are present. Three self-absorption dips corresponding to these lines are labeled A, B, and C in Fig.4.6(a) and are clearly resolvable. The two emission lines at 301.476 nm (A) and 301.491 nm (B) are only separated by 15 pm and they are embedded in the emission spectrum and are not resolvable. On contrary, the two self-absorption dips labeled A and B are clearly resolved. The dips are only seen in transitions from the ground state. Other transitions, such as the ones labeled D (chromium transition from 3d 4 (a 3 F )4s J = 7/2 to 3d 4 (a 3 F )4p J = 7/2 at 301.550 nm) and E (iron (F e) transition from 3d 6 4s 2 J = 5 to 3d 7 ( 2 H)4p J = 4 at 301.592 nm), do not show a re-absorption dip.

Figure 4 .

 4 Figure 4.6 (a) clearly indicates that lines separated by 15 pm can be resolved, thus providing sufficient resolution for isotopic selectivity[55, 62, 63]. Furthermore, there does not

Figure 4 . 7 :

 47 Figure 4.7: The time evolution of the emission spectra for the 424.166 nm transition line of a uranium ( 238 U ) sample is shown for delay times ranging from 25 ns to 1025 ns. For all the spectra the gate width is 500 ns.

Figure 4 . 8 :

 48 Figure 4.8: LIBS spectrum of the uranium line (Transition from 5f 3 (4I°)6d7s 2 state to 5f 3 6d7p at 385.957 nm), for gate delay of 425 ns, and 40 cm focalization.. The stars are the data points, the solid green line the fit consisting in a Gaussian line (red dotted line) subtracted from the Lorentzian fit (dashed line).

Figure 4 .

 4 Figure 4.10 summarizes the gate delay dependence of the parameters of the Lorentzian emission and the Gaussian re-absorption, for which some selected lines were presented in Fig. 4.9(a). As shown in Fig. 4.10(a), the peak of the Gaussian re-absorption remains at the same value for all delays within 1.5 pm (well within the 6 pm reported resolution of the

Figure 4 . 10 :Chapter 4 .Chapter 4 .

 41044 Figure 4.10: Comparison of the emission and re-absorption, as analyzed through the fits of Fig. 4.8 versus gate delay. (a) Wavelength of the emission (at the peak of the Lorentzian) and of the reabsorption (at the peak of the Gaussian fit). The 50 pm stark shift of the emission (solid line) rejoins the absorption dip wavelength (dashed line) for delays in excess of 1 µs. (b) Decrease of the width of the absorption dip versus delay. (c) The broader width of the emission line exhibits a faster decay rate, indicating a faster cooling/expansion of the excited region. (d) Total integrated absorption (area under the Gaussian) versus delay. (e) Total integrated emission (area under the Lorentzian) versus delay. (f) Ratio of (d) to (e).
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 41212413 Figure 4.12: Shadowgraphs of the plume for the first regime. Top: 180 mJ Bottom: 300 mJ.

Figure 4 .

 4 Figure 4.14: a) Shock-wave radius vs time for the first regime. b) Shock-wave radius vs time for the second regime.
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 5 Investigation of laser-induced discharge via UV filaments harmlessly.

5. 2 Figure 5 . 1 :

 251 Figure 5.1: (a) High voltage lab and mirrors on the roof. The path of the laser beam(s) is shown by red arrows. (b) and (c) are showing the guiding optics. M9-10: 45°1064 and 532 and 266 nm HR mirrors; L1: Fused silica Lens with 9 m focal length. For the complete schematics of the optical elements please refer to Fig. 5.4. D: The optical detector which is used to monitor the UV filament arrival time. Filters have been located in front of the detector to ensure that only the UV beam is detected by the detector.
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 553 Figure 5.3: Simulation results showing the electric field on the walls of the Faraday cage and also for the electrodes and power supply toroids. Simulations were performed with the assistance of J. Elizondo at Sandia National Lab.
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 5554 Figure 5.4 shows the schematic diagram of the beam combination. The 1064 nm and 532 nm beams are first combined with a mirror labeled as M11 and expanded by the

Fig. 5 . 6 ,

 56 Fig. 5.6, is considered as the dis-charge delay. The delay is typically in the microsecond range. The purpose of the following experimental tests is to see if the delay can be reduced by adding extra laser pulses.

Figure 5 . 6 :

 56 Figure 5.6: Left) The discharge current and laser pulse for 372 kV and a 37.3 cm gap. The maximum negative current is 0.502 kA. The delay is about 650ns. Right) The discharge current and laser pulse for 72 kV and a 5 cm gap. The maximum negative current is 0.199 kA. The delay is about 733 ns.

  5.7(a) and (c) show plotsChapter 5. Investigation of laser-induced discharge via UV filaments significant effect on the discharge and the delay between the laser pulse and discharge is much longer than the plasma lifetime. In Fig.5.7(b) and (d) the discharge probability is plotted versus total applied voltages on the electrodes for the same data sets and configuration. As it is expected the discharge probability is increasing as we increase the voltage, but yet it could be seen that the different beam combinations do not have any significant effect on probability. It worth's mentioning that the conditions such as absolute humidity and temperature were varying during the experiments. In Fig.5.8 we can see the effect of absolute humidity on the discharge probability and delay between the discharge and laser pulse. So we had to be careful to compare the data from the same conditions with respect to each other. All data points in Fig 5.7 have about the same absolute humidity within the range of 0.0093-0.0095 kg/m 3 .

Figure 5 . 8 :

 58 Figure 5.8: Delay (in red) and discharge probability (in blue) versus absolute humidity. Data are taken for a 37.5 cm gap between the electrodes and each point on graph is average of 100 data points. The error bars represent the standard deviation of the measured data. Only UV filaments have been used in these data points
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 5512 Figure 5.12: The beam profiles of UV filaments at different distances from the 9 m focusing lens. These beam profiles are captured by a digital camera recording the impact of the UV filament on a piece of paper. Different colors correspond to the fluorescent emission from the paper which is changing based on the impacted beam intensity. The white dots in the figure are related to multiple filaments.
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 5141242 Figure 5.14: Top left: picture of a guided and unguided discharge. In the blue background: shadows of discharge taken at successive times after the UV filament pulse.

Figure 5 .

 5 Figure 5.15: a) Shock-wave radius vs time for the first regime. b) Shock-wave radius vs time for the second regime.

  

  

  

  

  

  

  

  

  3. On the bottom flange
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				Feed trough 8"			
	Window -4.5" CF	(top)				
				Zyla CCD			CF 4.5" Ion gauge	Thermocouple Gauge 1.33" CF
	Adaptor 8" CF to 4.5" CF		8 " CF			12" flange	Adaptor 8" CF to 4.5" CF
	CF 4.5" Ion gauge	8" CF	Main Chamber	8" CF	8" CF	Second chamber	8 " CF	Manipulator
					8" CF valve		
	Window -4.5" CF			8 " CF			ISO 250 F	
	Laser	8" CF to 4.5" CF Adaptor	Hipace 300	Adaptor		Hipace 1500	
	beam			(bottom)	8" CF to ISO 100 F		

  Table summarising delay times and fast decay times for 391 nm and 428 nm emissions for both focusing case.

More experimental details can be found in[55].

It should be mentioned that single laser filaments can not be extended over a few meters. On the other hand multiple filaments generated by very high power lasers, can disappear and reappear

The earliest time that the UV laser was detectable by DEMON was at a delay time equal to 975 ns.

These shielding space charges move with the drift velocity of electrons in air (2*10 5 m/s[11]), which is much larger than the speed of the rocket.

Simulations were performed with the assistance of J. Elizondo at Sandia National Lab.
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Chapter 2. UV laser filaments

Future Work

Development of the high-repetition source needs to be completed. Afterwards experimental investigation of the laser filaments generated by this new laser source should be performed. This includes study of the waveguide generated by this source using the shadowgraphy technique. The initial testing of the VMI setup should be performed for calibration purposes. Next step is going to be investigation of the electron momentum distribution generated by the interaction of the laser filament and the gas.

Chapter 3

Measurement of delayed fluorescence in

+ with a streak camera

Introduction

"Air Lasing" is a phenomenon that was first proposed in 2003 from the observation of amplified emissions in a femtosecond laser filament and since then has caught lots of attention as it has many potential applications [1,2]. It has been demonstrated that a population inversion can be created for some of the ionized molecules/atoms inside the plasma generated by the laser filament, inversion which can result in amplification of coherent or incoherent light [1][2][3][4]. The concept of air lasing is different from the concept of conventional lasers as it enables remote mirrorless (no-cavity) optical amplification in ambient conditions. This phenomenon holds 3 unique properties: 1. Remote generation of optical gain in air molecules. 2. There is no cavity required for optical amplification, and 3. A coherent directional radiation is generated in both forward and backward directions with respect to the pump laser [2]. Since in air high-intensity laser filaments are hardly disturbed even in adverse environments [5,6] and also because of their capability Chapter 3. Measurement of delayed fluorescence in N 2 + with a streak camera measured enters the streak camera through the entrance slit of the camera. An image of the entrance slit is imaged via the optics inside the streak camera on the photocathode of the streak tube. For demonstration purposes, we assume that four optical pulses that are slightly varying in both space and time and also have different optical intensities are the inputs of the streak camera as shown in Fig. 3.2. In the photocathode, the four incident optical pulses are sequentially converted into electrons. The number of electrons is proportional to the intensity of these four pulses. The created electrons are accelerated toward the phosphor screen as they pass through a pair of accelerating/sweeping electrodes. As the electrons are passing through the pair of sweeping electrodes, time-varying high voltage which is in synchronization with the incident light is applied to the sweep electrodes (see Fig. 3.3 initiating a high-speed sweep of the electrons from top to bottom. During the Figure 3.2: Operating principle of a streak camera [26].

high-speed sweep electrons arriving at slightly different times, are going to be deflected in slightly different angles in the vertical direction (perpendicular to the entrance slit of the streak camera), and as a result they would enter the Microchannel Plate (MCP) at different vertical positions. MCP is an electron multiplier that is used for the detection of charged particles, UV radiation, X-rays, etc. MCPs can have linear gains up to 1000 and one of their advantages is that they preserve the spatial resolution of the original input radiation as they generate the output two-dimensional electron image. Immediately at the back of MCP, there is a phosphor screen that converts electrons that have been multiplied several thousand times in the MCP, into light upon their impact on it [26][27][28].

Chapter 3. Measurement of delayed fluorescence in N 2 + with a streak camera

A delta function reference point

The streak camera is triggered electronically through the master clock of the laser system, thereby inheriting jitters of the laser electronics. In order to be unaffected by this jitter, each image is accurately timed by using a reference optical beam selected from the same pulse that creates the plasma, reference sent directly to the camera via a fixed path (Fig. 3.5). The path of the reference beam is such that it always illuminates the same point of the photo-cathode in the time frame of the camera streak, providing a temporal reference for every streak camera image. Mechanical and electronic jitters between frames are corrected by using the timing of the reference pulse in the Matlab reconstruction code [32].

The reference beam was sent directly through an optical port on top of the streak camera, which resulted in an order of magnitude better resolution than when using the fiber provided by the streak camera manufacturer.

Imaging the laser focal spot; time and space reference

The response to a delta function light pulse, obtained by scattering the filament off a ground glass diffuser, is extremely sensitive to the slit opening. In fact, it is only with the slit opened to its minimum (i.e. nearly closed) that the resolution quoted by the manufacturer is achieved. The signal is then so weak that it is reduced to a few scattered dots.

In order to achieve the best resolution, it is necessary to accumulate and average between 1000 and 2500 frames. In doing so, the frames have to be synchronized as discussed in the previous paragraph. The intensity of the synchronization pulse should also be such that only 10 to 20 pixels are irradiated per frame.

The algorithm used takes the average of all the synchronization dots, excluding those that are outside of an area equal to 4 times the mean square deviation. This average is taken as reference for all frames. Fig. 3.6 shows an image of a filament scattered off ground glass (1000 frames are averaged). Both images of the reference and that of the scatterer have Chapter 3. Measurement of delayed fluorescence in N 2 + with a streak camera

In order to further investigate the collective contribution of emission, we analyze the spatial properties of the measured fluorescence. The emission is divided in three equal slices along the propagation direction as shown in the inset of Fig. 3.12. The emission is integrated in the radial direction over each section and plotted as a function of streak camera sweep. Fig. 3.12 shows the spectral emission with a long pass filter and the emission at 391 nm is represented in Fig. 3.13. The integrated signal in both IR and 391 nm is strongest in the central region of the plasma labeled as "B", followed by "C" and "A".

The normalized emission in the IR shows that all regions have a comparable time dependent profile and no observable delay between regions could be measured in our system. IR emissions from the selected regions exhibit their maximum at the Rayleigh peak. However a measurable difference is recorded for the peak emission at 391 nm. The brightest region of the plasma has the least delay with respect to the Rayleigh peak, with a delay inversely proportional to the strength of the signal. The width of the emission increases as the total signal decreases. The 3 to 4.5 ps relative delay between emission originating from the center and sides of the plasma is much longer than the time it would take for light to travel between the sub-regions. We show that density of the emitters not only affect the strength of the signal but also the temporal profile of the emission. Altogether these observations suggest that it is important to include collective effects in modeling gain and propagation in air-lasing [15,17,46]. + with a streak camera Laser-Induced Breakdown Spectroscopy (LIBS) is an analytical spectroscopic technique that uses a high-energy laser pulse to create a plasma on the surface of a sample. LIBS has found a broad range of applications in various fields, including space exploration [1], archaeological science [2], environmental monitoring [3], medical diagnosis [4,5], industrial process analysis [6,7], geological exploration [8,9], and remote sensing [10]. In LIBS, a pulsed laser beam is focused on the surface of a sample to create a plasma plume. While typical pulse durations were on the order of nanoseconds, the use of pico-and femtosecond laser pulses has become increasingly prevalent in recent years. The laser pulse heats and vaporizes a small amount of the material, and the resulting plasma contains a mixture of atoms, ions, and free electrons. As the plasma cools, the atoms and ions emit light Chapter 4. High-resolution spectroscopy induced with UV filaments vestigate light atoms, and uranium to highlight the narrow spectral dip. Both the emission and re-absorption linewidths decrease with increasing atomic mass. The emission from the plume is collected with an aspheric lens with a focal length of 5 cm and a diameter of 1". The collected light is then coupled into a fiber which is connected to the spectrometer.

Vacuum chamber 3m lens

Aerodynamic window

Oscilloscope Monochromator

UV

It is known that in LIBS experiments on solid samples, the laser-induced crater depth strongly affects the measured signal. The confinement of the plume by the crater walls dramatically influences the laser-induced plasma parameters which will consequently affect the measured LIBS signals [46,47] To avoid this effect the sample holder was placed on a translation stage and was slightly moved after a certain number of shots. The number of shots before each movement was different depending on the sample.

Experimental Results

Wavelength dependence

The emission spectrum from an aluminum target irradiated by a standard Q-switched Nd:YAG laser pulses of 10 ns duration at 1064 nm and 500 mJ is compared to 266 nm filaments of 200 ps in Fig. 4.4. A small dip at the transition wavelength of 396.152 nm is due to self-absorption effect, where the emission of the excited region of the plume is absorbed by the plume region in the ground state. The time evolution of the two regions is discussed in Section 4.3.3. The self-absorption dip with 1064 nm source appears only after a delay of 5.5 µs. The dip in emission spectrum is present even at the earliest delay using the 266 nm source. The shorter the delay, the larger the discrepancy between the peak of emission line and the transition wavelength, a discrepancy attributed to a plasma induced Stark shift [48] (see Section 4. significantly shorter delays compared to those in 1065 nm and 10 ns laser pulses. The 1064 nm laser pulses have a much longer pulse width (10 ns) compared to the UV filaments (200 ps). Consequently, in the case of 1064 nm laser pulses, most of the trailing part of the laser pulse heats plasma via inverse Bremsstrahlung [11,12]. It is known that inverse Bremsstrahlung is approximately proportional to λ 3 , making it considerably more favorable for IR than UV wavelengths [12]. Literature reports suggest that shorter pulse widths in LIBS lead to a more pronounced self-absorption effect. This is due to the observed lower plasma temperature and higher ablation efficiency when using shorter laser pulses, leading to an increase in the population density of the ground state species, and consequently enhancing the self-absorption phenomenon [11,27,28,30]. Another factor to take into consideration is that the critical density of a laser-induced plasma is dependent Chapter 4. High-resolution spectroscopy induced with UV filaments inversely on the laser wavelength as λ 2 [49]. The critical density refers to the free electron density at which the frequency of plasma oscillation equals that of the laser. As a result, IR light can more easily achieve the critical electron density in the plasma compared to the UV filament. This leads to greater laser-plasma coupling with the IR laser pulse, which reheats the plasma plume and can contribute to a longer delay in the appearance of the self-absorption dip. Conversely, the higher critical density of the UV filament allows it to pass more easily through the plasma, resulting in greater ablation on the sample surface and creating a higher density plasma [50,51]. Since this chapter is focused on the selfabsorption spectrum, all the spectra presented in the sections that follow are taken with UV filaments of 266 nm.

Enhanced resolution through the utilization of self-absorption

In LIBS for remote sensing applications, the goal is to identify the elemental composition of a sample from a distance. This is typically done under atmospheric pressure conditions, as it is difficult to maintain a vacuum in remote sensing scenarios. Therefore, the challenge is to develop LIBS techniques that can provide accurate and precise measurements under ambient conditions. Ambient conditions, such as the pressure of the surrounding gas, are known to play a crucial role in shaping the emission lines in laser-induced plasma.

Increasing the ambient pressure results in a more confined plasma, generating more dense plasma and consequently leading to an increase in the LIBS signal intensity. This increase in signal intensity is favorable for improving the signal-to-noise ratio in LIBS measurements. However, increasing the ambient pressure also leads to a decrease in resolution, as the emission lines get broader with the increase in the pressure of the ambient gas [12,52]. This broadening is due to the fact that emission lines in laser-induced plasma are highly affected by different broadening mechanisms such as Doppler, pressure or collision, and Stark broadening [11,53]. 

Temporal evolution of self absorption and emission profile

In Fig. 4.7, the time evolution of the emission spectra for the 424.166 nm transition line of a uranium ( 238 U ) sample is shown for delay times ranging from 25 ns to 1025 ns. For all the spectra the gate width is 500 ns. Initially, at the 25 ns delay, the continuum is dominant, and the emission line is barely noticeable. However, at a very short delay of 225 ns, the emission lines and self-absorption dip become apparent.

By fitting known profiles such as Galatary and Voigt [65] to an emission profile, plasma parameters such as pressure can be deduced. As suggested by several authors [27,65] we fit Best S/N and resolution can be identified using the set of Figs. 4.10. These plots show that the Gaussian width decreases with time while the signal amplitude is maximized at a delay of about 500 ns Using the fit algorithm to whole spectra, the resolution for centroid detection is better than the width of the Gaussian.

Chapter 5. Investigation of laser-induced discharge via UV filaments supply the high current required, instead of using the high voltage power supplies directly. for different gap distances are represented in table 5.1. Similar results for UV laser pulses with much tighter focusing have been reported before [27,28]. This confirms that the UV filament is more suitable for laser-induced discharge compared to the 800 nm laser filaments. It should be mentioned that the same measurements for longer gap distances were not possible, due to the fact that self-breakdown for longer gaps in most cases resulted in a discharge between the negative electrode and the positive charging cable connected to the positive electrode. For these sets of data, the gap between the two electrodes (spheres) was 37.3 cm. For each set of data, the average has been taken from 100-250 data points. The blue shaded area is representing the mean square deviation of the data. We have examined different delay times between the UV Filaments and laser pulses and also we have examined different delay times between the Green and IR laser pulses. And we concluded that adding the Green and/or IR 10 ns laser pulses, as can be seen in Fig. 5.7(a) and (c), does not have a Chapter 5. Investigation of laser-induced discharge via UV filaments

Filament Conductivity Measurements

In Fig. 5.9 two distinct electric circuits that are utilized for measuring the conductivity of the plasma channel created by either a UV filament alone or a UV filament in combination with two other laser beams are illustrated. The first circuit is used to measure the spatially averaged conductivity of the plasma channel over the gap distance between the two electrodes as represented in Fig. 5.9(a). The second circuit (Fig. 5.9(b)) is used to determine the conductivity of the plasma channel along the direction of the filament's propagation.

In both circuits, the current waveform is converted to a voltage waveform using a 10 Ω resistor and recorded by an oscilloscope. The probe beam is collimated and expanded (about 20 cm) green (532 nm) pulse with 10 ns temporal pulse width. This probe beam is sent perpendicular to the electrical discharge and is imaging the area of interest on a screen located at a 1.5 m distance from the discharge (Fig. 5.13). A CCD camera is used to capture the shadowgrams on the screen.

A grid is printed on the screen that provides a reference for the size of shadowgrams. A master clock is used to synchronize the UV laser, the green laser, and the camera. A delay generator controls the relative delay times between the probe beam and the UV laser, making it possible to investigate the temporal evolution of the shock-waves and the low density channel. The distance between the electrodes is 16 cm and the total applied voltage on the electrodes is 250 kV. The electrical discharges are induced by UV filaments with an energy of 185 mJ per pulse. In Fig. 5.14, selected shadowgrams of electrical discharges References also by scanning the delay between the probe pulse and discharge, it should be possible to measure the electric field both spatially and temporally. There are two candidates for the probe beam, fs 800 nm laser pulses of 50 mJ energy, and 200 ps 532 nm laser pulses with up to 2 J energy. The first option is going to provide much better temporal resolution, and the second option will provide higher probing energy. figure (25) plot(t,mean1,'r',t,mean2,'g',t,mean3,'b',t,mean4,'y'); figure (26) plot(t,meannormalized1,'r',t,meannormalized2,'g',t, meannormalized3,'b',t,meannormalized,'y');

A.2 De-convoulution

The following Matlab code has been utilized for the de-convolution process. 

clear GT1 GTX GTY GTY2 GFY GFY2 x i MMM atg RRRR SFY STY