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ABSTRACT 

 

 

 

CHARACTERIZATION OF FEMTOSECOND FILAMENTS IN AIR 

 

 

Laser-induced plasmas (LIPs) offer a promising alternative to conventional ignition 

methods in high-performance engines, addressing inherent limitations of traditional approaches. 

Firstly, LIPs can be precisely located within the combustion chamber, enabling ignition in 

regions with a homogeneously mixed air-fuel ratio. Secondly, LIPs eliminate the need for solid 

electrodes that act as heat sinks and suffer from erosion in high-pressure environments. Finally, 

LIPs can achieve combustion with mixtures of lower air-fuel ratios than what is possible via 

conventional ignition, leading to an increase in fuel efficiency. Consequently, laser-based ignition 

systems are well-suited for engines with pressures and environments beyond the operating range 

of conventional spark plugs. 

In a nominal nanosecond laser ignition method, a high-power laser is focused down to a 

point until it reaches an intensity level high enough to begin to breakdown the gas molecules in 

which it is being focused. Whilst the study of nanosecond laser-induced plasma has been 

investigated thoroughly, this work aims to provide justification for the use of femtosecond lasers 

as a “foundational” pulse to prepare the combustion area through pre-ionization. Using 

femtosecond (fs) lasers for ignition purposes is supported by the large body of research which 

has investigated the formation of plasma filaments through the self-focusing effect that occurs 

when a laser exceeds a critical power. The length of these filaments has been shown to be on the 

order of meters under certain conditions and provide exciting promise in the fields of remote 

sensing, weather control, and waveguides.  
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This work obtains information about the filament through the use of optical emission 

spectroscopy and finds that the lifetime of femtosecond filaments are on the order of 

nanoseconds whist studied nanosecond plasmas last in excess of tens of microseconds. The 

spectral emission from the filament is dominated by the N2(C-B) and N2
+(B-X). These transitions 

are observed in nanosecond plasmas, but only at times of greater than 1 μs after the pulse. 

Femtosecond filaments produce these species almost immediately and their lifetimes are only a 

few nanoseconds. Using a radiative emission and absorption code, we were able to determine the 

gas temperatures of the filament to be 500±100 K.  

A zero-dimensional plasma kinetics model was developed to simulate experimental 

conditions derived from optical emission spectroscopy. It was found that N2(C) formation comes 

initially from direct electron excitation up from the ground state of N2(X) then from the 

dissociation of N4
+. N2(C) is destroyed by quenching via O2 primarily, N2 secondarily, and 

deexcited down to N2(B) ternately.  

This work answers two questions. First, how is the plasma generated by a femtosecond 

laser different from that of a nanosecond laser? Second, what chemical reactions occur in a 

femtosecond plasma. Experimental testing found physical and thermochemical differences in the 

femtosecond plasma versus the extensively studied nanosecond plasma, namely the shape, 

lifetime, emissive properties, and temperature. Theoretical modeling unveiled the reaction 

pathways responsible for the dominant emissive species found spectrally. Concurrency was 

found between experimental and theoretical results for the reaction pathway of the dominant 

emissive species in femtosecond plasmas. This concurrence provides confidence to the reaction 

pathways presented and opens the door to further research using the knowledge of those reaction 

pathways to increase the viability of femtosecond laser filaments in combustion applications. 
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CHAPTER 1: INTRODUCTION 

 

 

 

1.1 Motivation 

Laser-induced plasmas (LIP) offer a useful and novel method of combustion initiation 

over standard methods of ignition. Offering a potential replacement to spark plug ignition 

systems, laser-induced plasmas offer advantages that are not possible through conventional 

means. The absence of an electrode surface inside of the combustion chamber eliminates many 

problems. Spark plug erosion, a problem that especially plagues large gas engines that operate at 

higher chamber pressures than car engines, is eliminated with laser-induced plasmas [1]. Studies 

have also shown that the use of plasma-assisted combustion through the use of lasers, or PAC, 

opens up new reaction pathways through the electron excitation of nitrogen and oxygen atoms, 

which modify the fuel oxidation pathways significantly [2]. A growing interest has also been 

seen in using LIP in high-performance scramjet engines [3]. To provide ignition to engines 

operating in the supersonic and hypersonic regime, it’s necessary to create pockets of subsonic 

air for combustion. This is often done by introducing bluff bodies into the supersonic flow but 

has the adverse effect of increasing entropy and potentially unstarting the engine [4]. LIP has 

been shown to promote the generation of intermediate species in the combustion process inside 

of a hypersonic flow, even to the point of continuous streams of hydroxyl at certain laser 

repetition rates [3].  

It’s been shown that LIP can create a more bespoke approach to combustion in its ability 

to be positioned anywhere in the combustion chamber through alterations of the focusing 

parameters and optics used for that laser [5]. A laser’s wavelength can be tuned to excite certain 

transitions that can lead to chain-propagating combustion reactions with less energy deposition 

than conventional ignition [6].  The cumulative potential of LIP to provide ignition solutions to 
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engines that allow the ability to operate with lower energy deposition requirements, leaner 

mixture ratios leading to lower polluting emissions (NOx), and the ability to operate in off-

nominal environments prove exciting to the fields of propulsion and aeronautics research. 

1.2 State of the Art 

1.2.1 Conventional Laser-Induced Plasmas  

Conventional laser ignition can be achieved through the tight focusing of a high-powered 

laser pulse through a lens until the focused power of that pulse exceeds the ionization potential of 

air or whatever gas mixture one intends to create a plasma in. This is commonly referred to as 

non-resonant breakdown [7]. In this method of breakdown, a single pulse is governed by two 

driving mechanisms of plasma formation.  Those mechanisms are multiphoton ionization (MPI) 

and electron avalanche impact (EAI). Through these means, one creates a standing spark in 

midair that resembles that of a conventional spark plug. While this method of LIP does have the 

potential to be used as an ignition source for high-performance engines, it has disadvantages. The 

pulse is governed by MPI and EAI mechanisms, which operate under significantly different 

timescales. Further, the energy deposition into the air with a single pulse is often generated via a 

q-switched nanosecond pulse width laser. This type of laser generates local thermal pockets over 

10,000 K, which is almost two orders of magnitude above the energy requirement for starting 

combustion. An alternate approach to generating such plasmas is through the use of overlapping 

laser pulses from two lasers with various properties [8]. First, a pre-ionization pulse is generated, 

which creates seed electrons primarily through the mechanism of MPI. A second pulse is fired in 

short succession after this one that serves to add energy into the system via EAI [9]. Through this 

dual-pulse energy deposition method, one gains the ability to tailor the properties of the 

generated plasma. It has been found that lasers that operate in the ultraviolet (UV) range of light 

increase the probability of the MPI processes occurring. This is due to the lower photon 
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requirement for photoionization [10]. Further, lasers with short pulse durations, on the order of 

femtosecond or picosecond have also been found to be suitable in use as a pre-ionization pulse, 

and the ionization process appears to be proportional to the amount of laser fluence [11].  

1.2.2 Femtosecond Laser-Induced Plasmas 

Femtosecond laser-induced plasma differs from conventional LIP primarily in two ways. 

One is how the laser is focused down to create high local intensities, and the second is the 

operational mode by which a laser of that short of a pulse is operating. Femtosecond 

filamentation, or self-focusing, is similar to the focusing experienced by a laser directed through 

a lens but the lens is non-physical and is the result of non-linear optical phenomena [12]. In a 

situation where the intensity of the laser pulse along the axial direction at its front is Gaussian in 

shape, that is, high intensity at the center which tapers off towards the edges, it is possible for the 

local index of refraction to change. When this happens, the velocity of that propagation, which is 

inversely proportional to the index of refraction, slows down where the intensity is the highest. 

Thus, the edges of this laser front move faster than its center, which results in a curvature of the 

front towards the central axis of its propagation. In other words, the laser begins to focus simply 

as a function of its intensity. This phenomenon is unavoidable given a laser of high enough initial 

power. For an 800 nm laser propagating through air, the critical power to achieve self-focusing is 

3.2 GW [13]. Contrary to initial belief, this self-focusing doesn't contradict the laws of 

diffraction but showcases an interplay between nonlinear Kerr index refocusing and diffraction. 

The laws of diffraction refer to how a laser spreads out after it passes through a focal point 

induced by a lens. In simpler terms, when light passes through a small opening or around an 

object, it doesn't just continue straight forward but spreads out and this spreading of light, or any 

other wave, is known as diffraction. The nonlinear Kerr index increases in the presence of 
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intense light radiation, which in the case of an uneven laser wavefront, will start the process of 

self-focusing [13].  

This oscillating behavior results in long propagation lengths, reaching several kilometers 

under certain conditions. This propagation is significantly longer than the Rayleigh length, 

indicating the presence of laser filamentation rather than mere optical breakdown. The prospect 

of such filamentation is advantageous, especially for laser-guided weapons, as it forms a long, 

self-perpetuating energy channel that can act as a waveguide. Analogous to providing a toy car 

with a smooth track for better distance coverage compared to gravel, this approach enables any 

traversing laser beam to efficiently reach its destination. To this point, modeling work has been 

completed that highlights the use of femtosecond filaments to this end [14].  

1.3 Thesis Outline 

This thesis investigates the properties of a femtosecond laser-induced plasma and the 

chemical kinetics therein. In gaining an understanding of the plasma that is generated by the 

femtosecond laser, an increased knowledge of how it can be utilized for combustion purposes is 

obtained. Two main goals are held in the pursuit of increasing the knowledge of femtosecond 

plasmas: 1) investigating the species emission at various wavelengths from the plasma and 

determining the local temperatures of the plasma, and 2) understanding the reaction pathways 

that are occurring in the plasma that generate excited species useful for combustion. The thesis 

achieves these goals via the combination of experimental data collection and theoretical 

modeling. As such, the organization of the thesis is placed into five chapters. Chapter 1 draws 

out the motivation for this work and investigates the current state of conventional laser-induced 

plasmas and how they differ from femtosecond-induced plasmas. Chapter 2 describes the theory 

and first principles essential for the work to follow. This chapter serves as a launchpad from 

which the experimental and modeling work gain their merit. As such, the physics of 
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filamentation is expanded upon, and the operation of the experimental data collection tools is 

described. Chapter 3 presents a test campaign that utilizes optical emission spectroscopy to 

obtain experimental data for emitted wavelengths of light from the plasma and their relative 

intensity. Further characterization of the femtosecond LIP comes from using a radiative code 

known as Specair to fit the experimental spectral data. From the fitted spectral data, a 

determination of the gas temperature is inferred, and time-resolved spectral data show the 

temperature is steady for the lifetime of the filament. From this, the mechanism of formation for 

the predominant excited species production is theorized. Chapter 4 expands on this theory 

through the use of zero-dimensional plasma kinetics modeling to provide a baseline for the 

species’ density and reaction pathways. The validation of the modeling work comes through 

comparison to the experimental data and other published models. The numerical modeling work 

provides access to the formation and loss mechanisms for each species in the chemical kinetics 

pathway. Modeling of the electron number density and electron temperature is encompassed in 

the model as a function of time. The thesis is concluded in Chapter 5, where a summary of the 

main findings is presented. The connection between the motivation for the work and how the 

collected data supports that motivation is explored. The future work that needs to be completed 

to expand upon what has been done is outlined.  
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CHAPTER 2: THEORY AND FIRST PRINCIPLES 

 

 

 

2.1 Introduction 

The purpose of this chapter is to describe the phenomenon of femtosecond laser 

filamentation through physical and mathematical means. Filamentation has been studied at 

length in the writings of Shneider [9], Chin [12,15], Couairon [13] and Raizer [16]. 

Filamentation, in its most basic terms, is the result of the competing effects of self-focusing and 

plasma generation. Once a pulse exceeds a certain power level, it will begin to collapse in on 

itself and focus under its own effects. This leads to an increase in intensity. The high levels of 

intensity lead to ionization, which then forms a low-density plasma, which defocuses the beam. 

From here, the process is cyclical. To understand filamentation, one must have a background 

understanding of the mechanisms that are at play in conventional laser-induced plasma, namely 

multiphoton ionization (MPI) and electron avalanche ionization (EAI).  

Multiphoton ionization (MPI) serves as the primary initiator of free electrons within the 

system of LIP. During MPI, a neutral molecule absorbs multiple photons, gaining sufficient 

energy to become ionized [17]. This ionization process results in a positively charged molecule 

and a free electron. This process is shown schematically in Figure 1-a. Once liberated, these free 

electrons propagate through the medium and gain energy from the electric field via inverse 

bremsstrahlung absorption of laser radiation. 

In inverse Bremsstrahlung absorption, free electrons absorb energy from the laser field 

during collisions with neutral or ionized particles. Unlike direct absorption, where photons 

interact directly with electrons, inverse bremsstrahlung involves electron-photon interactions 

mediated by a third particle, typically an ion or neutral molecule. The free electrons in the 

presence of a strong laser field absorb or emit photons whilst colliding with heavier molecules. 
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In this process the momentum is conserved primarily by the heavier molecule.  This process 

enables electrons to gain energy from the laser field, leading to a gradual increase in their kinetic 

energy. As these energized electrons continue to ionize other molecules, a cascade of secondary 

ionization events occurs, producing additional free electrons in a process known as electron 

avalanche ionization (EAI), see Figure 1-b. 

This electron avalanche, however, is limited by competing loss mechanisms, preventing 

indefinite propagation. These loss processes include electron attachment, where free electrons 

recombine with other molecules, energy loss through inelastic collisions, and diffusion of 

electrons away from regions of high ionization.  

2.2 Femtosecond Filamentation 

2.2.1 Self-Focusing 

The phenomenon of femtosecond laser filamentation arises from a dynamic interplay of 

nonlinear focusing and defocusing mechanisms as a high-power laser pulse propagates through a 

Figure 1. Schematic representation of stages of conventional laser-induced plasma breakdown. (a) Multiphoton 

ionization, (b) electron avalanche ionization, (c) plasma formation and propagation, (d) plasma shock wave 

formation [17] 
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medium like air. This effect is initiated when the laser's power exceeds the critical power 

threshold for the medium, resulting in self-focusing due to the nonlinear Kerr effect. 

The refractive index of a medium is comprised of two components: the linear refractive 

index 𝑛! and the nonlinear component, known as the Kerr index 𝑛". They are coupled together 

via the equation: 𝑛 = 𝑛! + 𝑛"𝐼(𝑟, 𝑡), where 𝑛! is the linear index of refraction and 𝐼(𝑟, 𝑡) is the 

time and space-dependent value of intensity. The nonlinear component is associated with the 

third-order susceptibility of the medium, which quantifies the medium's susceptibility to 

nonlinear optical effects in the presence of high-intensity fields [18]. This susceptibly is given by 

𝜒($) = 4𝜖!𝑐𝑛"𝑛!"/3 where 𝜖! is the permittivity of a vacuum and 𝑐 is the speed of light in a 

vacuum. The nonlinear Kerr index is usually positive, meaning there is an increase in the index 

of refraction in the presence of high laser radiation. Thus, given that the velocity of propagation 

of light through a medium is equal to 𝑐/𝑛 where 𝑐 is the speed of light in a vacuum and 𝑛 is the 

total index of refraction, light will travel slower through the region where the index of refraction 

is the highest. This is the same law that governs the focusing of light through a traditional lens. 

However, in the case of self-focusing the lens is created as a result of the laser itself. This is 

shown schematically in Figure 2. Self-focusing can overcome the laws of diffraction for a 

Gaussian-shaped beam when the input power exceeds a critical threshold given by the equation: 

[19].  

 P&' ≡ 3.77𝜆"
8𝜋𝑛"𝑛! 2-1 

It is therefore shown that the only parameters that self-focusing depends on are the linear and 

nonlinear index of refraction of the medium, 𝑛"	&	𝑛!, and the wavelength 𝜆. Once the process of 

self-focusing has started, it will continue, and the local intensity of that spot will increase. Thus, 
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the intensity reaches such a high value that ionization begins to occur, free electrons are 

generated, and plasma formation begins.  

2.2.2 Multiphoton Ionization 

Earlier, the process of conventional LIP was discussed through the use of four processes. 

It is important to note that the timescales of these processes are several orders of magnitude 

apart. The process of MPI takes place in the sub-nanosecond whilst EAI takes place over longer 

than nanosecond timescales [8]. Further, in the case of femtosecond filaments, the pulse length is 

shorter than the timescale of a free electron released through MPI, meaning there is no time for 

that electron to get accelerated from inverse bremsstrahlung absorption, and EAI does not take 

place at all. 

Given this lack of electron acceleration in femtosecond filaments, it becomes essential to 

quantify the mean free time of a free electron to better understand the dynamics at play. The 

mean free time of a free electron can be found by the equation [16] 

 (∆𝑡)()*+ = @ 1
σ𝑁*ν)E 2-2 

where (∆𝑡)()*+ is the mean free time, 𝜎 is the collisional cross-section of the electron and 

neutral molecule, 𝑁* is density, and 𝜈) the electron velocity. Consider the case of a femtosecond 

Figure 2.  Schematic representation of the nonlinear Kerr index causing self-focusing of a laser beam [13] 
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laser pulse in air. The 𝑁* of air at one atmosphere is 2.68×1019 cm-3. In the range of electrons 

with a kinetic energy of 1 to 6 eV, 𝜎 is ~ 10-15 cm2 [16].  

In the presence of a laser field, the free electron will gain kinetic energy according to the 

equation [20] 

 (𝑒"𝐸")
(4𝑚𝜔") (𝑒𝑉) = (9.33𝐸 − 14)𝐼(𝑊/𝑐𝑚")𝜆"(𝜇𝑚) 2-3 

where 𝑒 and 𝑚 are the electron charge and mass, 𝜔 is the laser frequency, 𝐸 the electric field 

strength induced by the laser pulse, 𝐼 the pulse intensity, and 𝜆 the wavelength. Given that the 

intensity 𝐼 of femtosecond laser filaments peaks around 1013 W/cm2, thereby using a range of 

1013 W/cm2 to 1014 W/cm2, equation (2-3) evaluates to 0.6 and 6.0 eV [13]. Therefore, knowing 

that electron velocity 𝜈) is linked to kinetic energy via the equation: 

 KE = 1/2m,v," 2-4 

𝜈) is found to be between 4.5×107 and 1.4×108 cm/s. Thus, the (∆𝑡)()*+ for an electron in the 

presence of a femtosecond laser pulse is 300-800 fs. From this, it can be seen that the mean free 

time of an electron generated by MPI via a femtosecond laser will not survive long enough for 

EAI to occur. Thus the ionization mechanism of femtosecond-induced plasmas is primarily MPI 

driven.  

The generation of plasma invokes a local reduction in the refractive index according to 

the equation: [21] 

 n ≅ n! −	𝜌(𝑟, 𝑡)2𝜌-  2-5 

where 𝜌(𝑟, 𝑡) is the density of free electrons, in this case generated by MPI, and 𝜌- is the critical 

density of plasma above which it becomes opaque. That value is given by 𝜌- ≡ 𝜖!𝑚)𝜔."/𝑒". The 

density of the generated plasma is highest at the center of the beam, where the intensity is also 
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the highest. Therefore, from the same point that the laser began to focus from the nonlinear Kerr 

index, it also defocuses from the generation of plasma. This defocusing is shown in Figure 3.  

 

Thus, the phenomenon of femtosecond laser filamentation arises from a dynamic 

interplay of nonlinear focusing and defocusing mechanisms as a high-power laser pulse 

propagates through a medium like air. This effect is initiated when the laser's power exceeds the 

critical power threshold for the medium, resulting in self-focusing due to the nonlinear Kerr 

effect. In this process, the center of the beam travels at a lower phase velocity than its edges, 

generating a self-focusing effect. The defocusing effect occurs with the creation of plasma. That 

plasma is generated through multiphoton ionization and creates a force to balance out the Kerr 

index by increasing the index of refraction. The intensity is highest at this balancing point. In 

fact, at this point one can observe the condition of intensity clamping [22]. That is to say, the 

maximum achievable intensity of a Ti:Saphire laser-generated filament is on the order of 

4 × 10/$	W/cm2. After this point, the pulse will start to diverge. After a certain distance of 

divergence, the Kerr index effect will gradually increase as the plasma density decreases, and the 

process demonstrates a cyclical nature. This is shown schematically in Figure 4. In actuality, a 

Figure 3. Defocusing of a beam as a result of plasma formation at the center of the beam [13] 
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femtosecond filament has the appearance of a laser bullet suspended in air and is visible to the 

naked eye. The filament is generated by a Ti-sapphire with a central wavelength of 800 nm 

through the use of a 750 mm plano convex lens. The filament was produced via a Spectra 

Physics Solstice Ace laser with a repetition rate of 1 kHz and is approximately 63 mm in air at 1 

atmosphere of pressure, as shown in Figure 5.   

2.3 Optical Emission Spectroscopy 

2.3.1 Energy Level Transitions 

Optical Emission Spectroscopy (OES) is a diagnostic method that can discern the 

intensity of various wavelengths of light. Therefore, it can be used as an analytical technique to 

Figure 5.  Femtosecond Filament in Air 

Figure 4. Schematic of the cyclical focusing and defocusing of a filament due to the 

nonlinear Kerr index and plasma generation [13] 
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determine the composition and properties of gasses by analyzing the light they emit. This emitted 

light is referred to as an emission spectrum. When atoms or ions in a material are excited—often 

through heating, plasma, or laser exposure they emit light at characteristic wavelengths as they 

return to lower energy states. A basic rendering of this process is shown in Figure 6.a.  

By measuring these wavelengths, OES can identify and quantify the elements present. 

Consider a molecule in its ground state. It is possible for that molecule to become excited 

through the absorption of photons incident from a laser pulse. The molecule can become excited 

to various discrete rotational, vibrational, or electronic levels. The energy difference between the 

transition from ground state to various excited states can be displayed in an energy level 

diagram. The differences in the resolution of the various energy level types are shown in Figure 

6.b [23].  

The molecule will not remain in this excited state 𝐸" indefinitely but will decay back 

down to its ground state 𝐸/. When it decays, it will release a photon of equal energy to the 

transition that just occurred. Thus, the resulting photon’s frequency can be determined by  

 ν = ΔE/h 2-6 

Figure 6.  a) A basic rendering of the photon emission process from electron de-excitation. b) 

Illustration of rotational and vibrational transition levels between two electronic levels [23] [24] 
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where h is Planck’s constant and ΔE = 𝐸" − 𝐸/. From this, the associated wavelength of that 

photon can be determined via  

 λ = c/𝜈 2-7 

where 𝑐 is the speed of light in a vacuum and λ is the wavelength of the emitted radiation.  

From this, if one were to be able to capture and catalog the emission of photons from a 

plasma, it’s possible to determine which excited species are present in the mixture and at what 

relative quantities depending on the intensity of each wavelength of light emitted.  

2.3.2 Spectrographs and Plasma Spectroscopy 

Photons can be captured and observed through the use of a spectrograph. A spectrograph 

is an optical device that can spread out the wavelengths of light from a source into a spatial axis. 

This is accomplished through the use of a combination of parabolic mirrors and a diffraction 

grating. The specific configuration of the spectrograph that was used in the present experiments 

is a Czerny-Turner spectrograph. A schematic of this configuration is shown in Figure 7. For this 

style of spectrograph, light enters through the entrance slit and becomes collimated through a 

parabolic mirror. This collimated light then interacts with a diffraction grating, and the 

Figure 7.  Components of a spectrograph (Czerny-Turner Configuration) [24] 
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constituent wavelengths of light that compose the collimated light are separated as a function of 

their reflection off of the diffraction grating [24]. As these constituent wavelengths travel through 

the device, they are focused down onto the detector but their position along the horizontal axis is 

now a function of their wavelength. If the diffraction grating were to be placed on a servo motor, 

one could rotate the grating and allow certain wavelengths of light to exit through the slit and be 

detected. Thus, a relationship between diffraction grating rotational position and wavelength is 

generated. After calibration, this device serves as a reliable way to determine which wavelengths 

of light are interacting with the detector as a function of the diffraction gratings rotational 

position. A raw experimental image collected by a spectrograph is shown in Figure 8.  

In actuality, this is typically not a single-shot image, but the average result of several 

images stacked on top of one another. This is done to reduce the experimental noise that is 

present in the system. Further, background subtraction is applied that takes the light from the 

Figure 8.  Raw experimental output image from a spectrograph before a conversion to wavelength has been applied 

 

Figure 9.  Spectra from the experimental image shown above. Notice the horizontal axis has been converted to 

wavelength as a function of pixel position. The vertical axis is shown with two scales: the left as a normalized 

intensity and the right as a pure camera intensity 
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room and subtracts it from the emitted light to isolate only the subject of interest.  This image has 

not yet been converted to wavelength on the horizontal axis, but it shows the presence of local 

peaks of light spread along the horizontal direction. From this experimental image, one can 

construct a spectrum by summing all the values of the pixels in the vertical direction and plotting 

those values as a function of wavelength. This is shown in Figure 9.  

2.4 Specair 

After the construction of a spectrum like in Figure 9, to identify the transition emissions 

that are present in the data, one can use a line-by-line radiative plasma emission code like 

Specair [25]. Specair computes the plasma emission or absorption spectra based on a quantum 

mechanical model that describes the energy level transitions of the most important radiating 

molecules that are present in air plasmas [26]. A subset of those species are N2, O2, NO, N2
+, N, 

O, and C. Specair can also import experimental spectra and use a fitting algorithm to match the 

experimental spectra with the sum of various computed spectra. The computed spectra are 

Figure 10.  A screenshot from the user interface of Specair [25] 
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primarily a function of temperatures and mole fractions which are adjusted to reduce the residual 

between experimental and computed data. In simple terms, Specair solves for the electronic, 

vibrational, rotational, and transitional temperatures of species and their respective mole 

fractions in a plasma emission by fitting computed data to experimental data.  

2.4.1 Boltzmann Analysis 

Boltzmann analysis is a technique used to determine thermodynamic properties, in this 

case temperature, by analyzing the population distribution of particles among various energy 

states. The method is based on the Boltzmann distribution, which describes how particles in a 

system are distributed across energy levels at thermal equilibrium. The ratio of the number of 

particles in two energy states 
0!

0"
	is proportional to the negative exponent of the energy of those 

states, 𝐸1 	&	𝐸2 as given in the equation 

 𝑁1
𝑁2 = exp @−𝐸1 − 𝐸2𝑘3𝑇 E 2-8 

where 𝑘3&	𝑇 are the Boltzmann constant and temperature respectively. Knowing that particle 

transition between energy states leads to the emission of photons with wavelength proportional 

to the energy difference between states, the relative populations of each energy level can be 

determined.  

The radiative code Specair can cross-reference experimental data with a catalog of known 

energy level transitions as a function of temperature [25,26].  

2.4.2 Fitting Experimental Spectra 

The experimental data like that shown in Figure 9 is imported into Specair as a list of 

wavelengths and corresponding intensity values. These values are then normalized so that the 

maximum within a given wavelength range equates to a value of 1, and the minimum to 0, with 
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all proportions kept constant in between. An imported experimental spectra can be seen in Figure 

11.  

To account for experimental broadening of the spectral lines, an experimental slit 

function is convoluted unto the experimental spectra. The slit function is collected from a HeNe 

laser that has a narrow wavelength about 633 nm. The HeNe laser is imaged onto the 

spectrometer and any broadening that occurs about 633 nm on the data is assumed to be the 

result of experimental broadening. This broadening is accounted for by Specair when calculating 

the synthetic spectra used to identify the local transitional peaks and subsequent temperatures. 

The slit function and the raw image captured by the camera can be seen in Figure 12.  

To identify the molecular and atomic species present in our spectral image, we use the 

Specair Find Transition Tool. This tool automatically finds the molecular transition and 

corresponding temperature that reduces the residual between synthetic and experimental data. 

The tool is shown in Figure 13.  

 

Figure 11. An imported experimental spectrum shown in Specair. The range of intensity values are normalized so 

that the maximum is 1 and the minimum is 0. 
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Figure 12. Right: The Slit Function tool within Specair used to define the experimental broadening seen 

by our hardware. A HeNe laser at 633 nm is imaged and any broadening seen is assumed to be the result 

of hardware. Left: The raw experimental image from the camera shown the single line at 633 nm.  

Figure 13. The Find Transitions tool within Specair. Used to identify the molecular transitions present within 

experimental data. As initial temperature assumption is used to find the best fit.  



 

 20 

After the transitions are identified, and the first synthetic spectra is drawn, a wavelength 

correction is applied that moves the peak of the experimental data to match the peak of the 

synthetic data. This is shown in Figure 14.  

This first round of fitting assumes local thermal equilibrium. So, the electronic, 

rotational, vibrational, and translational temperatures of the species are assumed to be in 

equilibrium. This is often not the case and variation in these four temperatures can lead to a 

better fit, quantified by a reduction in the residuals between the experimental and synthetic 

spectra. Speciar offers the Fit to Spectrum tool which does this. By fixing one of those four 

temperatures and allowing an optimization algorithm to find the minimum residual, we can 

converge upon the four temperatures which correspond to the best fit of the data. For example, in 

Figure 15, the electronic temperature is fixed to 10,000 K whilst the rotational, vibrational, and 

translational temperatures are free to change but must remain equal to one another. The result is a 

new temperature of 1517 K. Now, the translational temperature is fixed to 1517 K whilst the 

rotational and vibrational are free to change but must remain equal to one another. The result is 

Figure 14. Top Left: The blue curve shows the synthetic spectra generated and the black curve is the experimental. 

The wavelength of the peak of the synthetic spectra is found, and a shift is applied to the experimental data to match 

the peak values. Bottom Left: The synthetic spectra and the experimental spectra are now matched peak to peak. 

Right: The synthetic and experimental spectra overlayed onto one another across the whole image shows good 

agreement for the two.  
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four different temperatures which produce a minimum in the residual of the synthetic and 

experimental data. This is graphed in Figure 16.  

 

Figure 15. Top: The first round of temperature refinement where the electronic temperature is 

fixed and the other three are free to move in lockstep with one another, producing a new 

temperature. This new temperature is then applied to one of the three previously free 

temperatures as fixed, and the process is repeated until all four temperatures have been 

optimized.   
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Temperature refinement can occur for multiple iterations, with each subsequent 

refinement reducing the residual, but by a diminishing amount. For the work presented herein, 

the refinement is repeated until the there is no more change in any of the four temperatures when 

given the opportunity to be optimized. That is, optimization is repeated when any of the four 

temperatures changes and converges to an absolute minimum when no more temperature change 

is found through optimization. The result of this repeated optimization is shown in Figure 17.  

  

Figure 16. The graphed result of temperature refinement. The blue curve shows the synthetic spectra assuming 

thermal equilibrium. The purple is the result of allowing all four temperatures to be refined to reduce the residual 

between synthetic and experimental data.  
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2.5 Plasma Kinetics Modeling 

To identify the reaction pathways that are occurring within the plasma generated by the 

femtosecond laser filament, it is important to be able to model the system using plasma kinetics 

modeling. Plasma kinetics modeling was accomplished using the zero-dimensional plasma 

kinetics solver ZDPlasKin [27]. This solver was implemented as a Fortran 90 module that was 

designed to follow the time evolution of reaction rates, species densities, gas temperatures, and 

perform sensitivity analysis for a non-equilibrium plasma with arbitrarily complex chemistry. 

The solver utilizes BOLSIG+ to solve for the reaction rate constants for electron impact reactions 

and has output files that are compatible with visualizers like QTPlasKin [28–30].  

 

 

Figure 17. The final refined plot for the synthetic spectra overlaid with all previous iterations. The black curve is the 

original experimental data. The blue is the initial fit after the transitions are identified. The purple is the result after 

the first round of temperature optimization. The red is the final fit, after many rounds of temperature refinement 

until no more temperature changes occur across all four temperatures. The green is the final residuals of the 

synthetic and the experimental data.  
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2.5.1 ZDPlasKin Physical Model 

ZDPlasKin operates on the following physical model. Consider a species 𝑁 where the 

concentration of species 𝑁 can be denoted as [𝑁1] where 𝑖 is the timestep for 𝑖 = 1	. . .		 𝑖(*4. To 

solve for the time rate of change of species 𝑁 at timestep 𝑖, one can use the numerical solution of 

the balance equation given by,  

 d[N5]
𝑑𝑡 = h 𝑄12(𝑡)

2#$%

2	7	/

 2-9 

where 𝑄12 represents the source or sink terms for all reactions 𝑗 that create or destroy species 𝑁 

at each timestep 𝑖. Consider the following generalized reaction as an example,  

 

 𝑎𝐴 + 𝑏𝐵	[+𝛿𝜖] → 𝑎8𝐴 + 𝑐𝐶	[+𝛿𝜖] 2-10 

where 𝐴, 𝐵	&	𝐶 are species, 𝑎, 𝑏, 𝑎8, &	𝑐 are mole fractions, and [+𝛿𝜖] is an energy balance term. 

The reaction rate for this generalized reaction can be computed from  

 R9 = 𝑘2[𝐴]*[𝐵]: 2-11 

where 𝑘2 is the reaction rate constant for process 𝑗. Therefore, it follows that the source or sink 

term 𝑄	for each species 𝑁 in the reaction can be given as 

 Q; = (𝑎8 − 𝑎)𝑅; 	𝑄3 =	−𝑏𝑅;	𝑄< = 𝑐𝑅 2-12 

These source terms are summed according to Eqn (2-8) at the present timestep 𝑖, the change in 

concentration 
=[0!]

=@
 is applied to the concentrations at the previous timestep	[𝑁1A/] , and the time 

evolution of the concentration of species 𝑁 is tracked. This timestep integration is handled with 

the DVODE Fortran 90 module. DVODE is a general-purpose double-precision (D) solver that 

utilizes variable coefficients (V) to solve ordinary differential equations (ODE).  
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 When reactions that involve electron impact are considered, ZDPlasKin invokes the 

BOLSIG+ solver to compute the rate coefficients. BOLSIG+ is a solver for the electron 

Boltzmann equation. BOLSIG+ uses the electron energy distribution function (EEDF) to 

determine rates for ionization, excitation, and attachment reactions based on cross-sectional data. 

Although effective under normal plasma conditions, the present work found that BOLSIG+ 

experienced convergence issues in the system of interest, which possessed extreme & rapidly 

varying species densities. This has created a need for an alternative approach that can handle 

these unique conditions and provide reliable reaction rates for electron impact reactions. This 

alternative approach involves the integration of the electron energy distribution function, the 

cross-sectional area for the reaction, and the velocity of the interacting electron.  

2.5.2 EEDF 

The electron energy distribution function (EEDF) represents the statistical distribution of 

electrons across continuous energy levels within a plasma. The EEDF provides insight into the 

population density of electrons at all energy levels, typically influenced by the electron 

temperature. At thermal equilibrium, this distribution often follows a Maxwell-Boltzmann form, 

where the number of electrons decreases exponentially with increasing energy. For the plasma 

presented in this work, we are assuming a Maxwellian distribution to allow the computation of 

the EEDF to be given by:  

 

ℱ(ε, TB) = 	y𝜀𝜋 2 @
1

𝑘3𝑇CE
$
" exp	( −𝜀𝑘3𝑇C) 2-13 

where ε	[𝑒𝑉] is electron energy, 𝑇C 	[𝐾] is electron temperature and 𝑘3 	[)DE ] is the Boltzmann 

constant, 8.617 × 10AF. The final units for the output of the EEDF are [ /
)D
]. However, in non-

equilibrium plasmas, the EEDF may deviate from this form due to external factors like electric 

fields or energy sources, resulting in non-Maxwellian distributions. This could be the case for the 
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femtosecond filament due to the non-equilibrium conditions establishes throughout the filament 

lifetime. It is possible that the electrons generated in this method possess a broad energy range 

that results in an EEDF that reflect individual reaction pathways rather than a Maxwellian 

distribution. In this case, the EEDF should be obtained experimentally via direct observation or 

estimated using a non-Maxwellian EEDF calculation. Regardless, this will be explored in future 

work. 

 The EEDF is critical in plasma physics as it determines the rates of various electron-driven 

processes, including excitation, ionization, and dissociation reactions, by describing the 

likelihood of electrons occupying specific energy states under given conditions.  

2.5.3 Cross-section as a Probability 

The cross-section as a function of electron energy can be interpreted as the probability of 

interaction between an electron and a molecule, which depends on the electron's energy and 

therefore its velocity. This probability reflects the likelihood that an electron, at a given energy 

level, will undergo a reaction upon encountering a molecule. Generally, higher electron energy 

corresponds to a reduced cross-section required for interaction; however, if the energy is too 

high, the electron may bypass the molecule without interacting, as it will not be sufficiently 

influenced by its presence. Conversely, if the electron energy is too low, interaction may not 

occur due to insufficient energy to initiate a reaction. This relationship is denoted as σ(ε), where 

σ represents the cross-section in 𝑚", and ε is the electron energy in 𝑒𝑉. A central hub of electron 

and ion scattering cross-sections exists in the form of an open-access website called LXCat [31–

34]. 

2.5.4 Reaction Rate Constant Calculation 

The kinetic energy of an electron, fundamental to understanding electron-driven 

reactions, is given by 𝐾𝐸 = /

"
𝑚)𝑣" where 𝑚) is the mass of an electron and 𝑣 its velocity. One 
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can rearrange this equation and substitute ε for 𝐾𝐸 to yield 𝑣(𝜀) = 	y"G

(&
. This expression allows 

us to relate electron energy to velocity, which is crucial when considering electron interactions in 

a plasma environment. By taking the product of the cross-section σ, the electron energy 

distribution function (EEDF), and the electron velocity as functions of electron energy 𝑣(𝜀), we 

obtain a function that describes the reaction rate for a given electron energy. Integrating this 

product over the entire energy range yields a single numerical value representing the reaction 

rate at a specific electron temperature. This integration effectively accounts for the range of 

energies electrons can have, weighted by both their distribution and the likelihood of interaction 

with other particles. This equation is given by  

 𝑘(𝑇C) = 	} 𝜎(𝜀)ℱ(𝜀, 𝑇C)𝑣(𝜀)	𝑑𝜀
H

!

 2-14 

By performing this calculation at various discrete electron temperatures, a temperature-

dependent reaction rate can be established. This approach allows one to empirically fit a 

functional relationship between reaction rate and electron temperature, often expressed in terms 

of fitting constants.  

2.5.5 Arrhenius Rates Curve Fitting 

The Arrhenius equation provides a useful form for relating reaction rate to electron 

temperature, especially when reactions depend strongly on energy thresholds. The Arrhenius 

equation, traditionally used in chemical kinetics, describes the temperature dependence of 

reaction rate constants and is given by: 

 𝑘(𝑇) = 𝐴	exp	(−𝐸*𝑅I𝑇) 2-15 

where 𝑘(𝑇)	[('

J
] is the reaction rate constant, 𝐴 is the preexponential fitting parameter, 𝐸* is the 

activation energy of the reaction, and 𝑅I is the universal gas constant. A modified version of this 
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equation can be used for electron-driven reactions that places more emphasis on the electron 

temperature 𝑇C given by  

 𝑘(𝑇C) = 𝐴𝑇C+ exp @−𝐸*𝑇C E 2-16 

By adapting the Arrhenius equation to use electron temperature, we can approximate the 

reaction rate constant as a function of electron temperature. This adaptation is particularly 

effective when the reaction has a significant activation energy barrier, as is common in processes 

like ionization or excitation, where only higher-energy electrons can initiate the reaction. 

The Arrhenius form captures this threshold behavior by modeling the reaction rate as a 

rapidly increasing function of electron temperature once the electrons have sufficient energy to 

overcome 𝐸*. In plasma systems where the electron energy distribution function (EEDF) is non-

Maxwellian, fitting reaction rates to an Arrhenius-like model allows the effective reaction rate to 

reflect both the electron temperature and any deviations in electron energy distribution. This 

approach provides a convenient, empirically fitted relation that simplifies the complex 

interaction between electron temperature and reaction rate while maintaining physical accuracy. 

Using the Arrhenius equation for reaction rates in this way enables more manageable 

models of electron-driven processes, allowing simulations to capture temperature-dependent 

behaviors without the need for explicit integration of cross-section data over the EEDF for every 

calculation. Thus, the Arrhenius equation serves as a practical and viable approximation for 

describing the relationship between reaction rate and electron temperature in plasma systems. 
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CHAPTER 3: FEMTOSECOND FILAMENT EXPERIMENTAL CHARACTERIZATION 

 

 

 

3.1 Introduction 

This chapter is concerned with the experimental characterization of a laser-induced 

femtosecond filament in ambient air pressures and conditions. The characterization was 

performed with optical emission spectroscopy (OES). From the emission spectra that were 

collected, it has been shown that the inference of gas temperature is possible during the first few 

nanoseconds after the laser pulse is generated. The primary transitions of interest from the 

emission spectra were N2(C-B) and N2
+(B-X). Further, time-resolved spectral emissions were 

captured that show the evolution of gas temperature over time and the emission characteristics of 

the species of interest. Within the N2 second positive system (N2(C-B)), it was possible to isolate 

the first four vibrational levels and observe that a Boltzmann energy distribution was not 

followed. The focus of these experiments was to study the properties of femtosecond laser 

plasma primarily for use in pre-ionization. This is contrary to nanosecond laser pulses used in 

past work for the same purpose.  

The rationale for employing femtosecond (fs) pre-ionization is highlighted by the 

extensive research on laser filamentation in atmospheric air [13,15,35–37]. Studies have 

demonstrated that plasma filaments can extend over meter-long distances and achieve standoff 

ranges of several kilometers (e.g. [37] [38] ). These systems hold significant interest due to their 

potential for remote atmospheric sensing through various Lidar techniques, such as pollutant 

detection via Differential Absorption Lidar (DIAL), as well as applications in laser-guided 

This chapter is based primarily on material published as a journal article: V. P. Blanchard, S. Wilson, C. 

Dumitrache, and A. P. Yalin, “Characterization of a Femtosecond Filament in Air by Optical Emission 

Spectroscopy,” in AIAA Aviation Forum and ASCEND, 2024. My contribution to this was to perform the 

experiments and analyze the data.   



 

 30 

streamers, lightning and discharge generation [39–42], weather modification [43], bow shock 

control in supersonic flows [44], cavity-free lasing in air [45,46], terahertz radiation generation 

[47], laser-induced breakdown spectroscopy (LIBS) [48], and flame ignition [49,50]. 

As discussed in Chapter 2, the formation and propagation of femtosecond filaments are 

governed by the interplay between Kerr self-focusing, which modifies the refractive index to 

create a lensing effect that concentrates the light and defocusing due to ionization at the beam’s 

focal point [37,51]. Related studies have also investigated the interaction of nanosecond (ns) 

pulses with these fs-induced filaments [52–58], offering further insights into the dynamics and 

applications of laser filaments in air.  

3.2 Experimental Setup 

3.2.1 Specifications 

Figure 18(a) shows a schematic representation of the optical setup and laser paths that 

were used for experimental investigation. The femtosecond LIP is produced by a Spectra Physics 

Solstice Ace Laser (centered at 800 nm wavelength, 12 nm bandwidth, 100 fs pulse width) at a 1 

kHz repetition rate. The beam was focused with L1 in the schematic, a plano-convex lens with a 

750 mm focal length. The average energy per pulse before the filament was 5.9 mJ, and the 

energy post-pulse was measured to be 5.4 mJ. Thus, the deposited energy into the plasma was 0.5 

Figure 18. (a) Optical layout showing path of femtosecond laser beam. M (x2): mirror, L1: Plano-convex focusing 
lens with f=750 mm on translation stage, L2: Plano-convex collection lens with f =75 mm on translation stage, BD: 

beam dump. (b) Experimental photo of plasma filament generated by femotsecond laser taken with digital camera 

[11] 
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mJ/pulse. The length of the filament was roughly 2.5 inches (64 mm) in air at atmospheric 

pressure, and it’s shown in Figure 18(b).  

3.2.2 Solstice Ace Laser Assembly 

The Solstice Ace laser is a system of lasers that work in tandem with one another to 

create short-high power pulses from short-low power pulses [59]. A block diagram of the laser is 

shown in Figure 19. This process is achieved through chirped pulse amplification (CPA). Recall 

from Chapter 2 the process in which a laser self-focuses. When the power exceeds a critical 

threshold, the refractive index of the air begins to be locally modified, leading to the beam 

collapsing in on itself and acting as its own focusing lens. Presently, this creates the filament of 

interest. But it can also happen inside the laser assembly if the power exceeds a critical level. 

Therefore, CPA is a process that allows the seed pulse to be amplified beyond the peak power of 

the laser, which would lead to self-focusing. The first step of CPA is to stretch the short-speed 

pulse, that is to increase its duration, which in turn reduces the peak power of that pulse. This 

happens in the bottom two compartments of the Solstice Ace laser assembly. The pulse then 

travels into the regenerative amplifier where a pump laser excites a Ti:Sapphire crystal just 

before the seed pulse arrives at the crystal. This excitation leads to a population inversion in the 

crystal which, when the seed pulse passes through, leads to the stimulated emission of the 

Figure 19.  Block diagram of the Solstice Ace laser assembly [59] 
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photons. The stimulated emission amplifies the short seed pulse at the same input wavelength 

and direction. Finally, the amplified seed pulse passes back through the stretcher/compressor 

cavity and is reduced back to its original duration. Figure 20 shows the relative size of the pulse 

as it travels through each compartment of the Solstice Ace assembly. 

3.2.3 Intensified Camera 

To perform OES diagnostics on the filament, it was necessary to utilize an intensified 

CMOS (iCMOS)camera. The chosen camera for the present experiments was the PCO Dicam 

C1. A block diagram of this camera is shown in Figure 21 [60]. An iCMOS camera is an image-

intensified camera that can be used to capture low-light events or extremely transient events. At 

the core of an iCMOS camera is the intensifier, which uses a photocathode to convert incoming 

photons into electrons via the photoelectric effect. The photocathode in the present case is made 

of S20, a multialkali material made from sodium, potassium, and antimony. When photons strike 

the photocathode surface, they transfer their energy to electrons in the material, ejecting these 

electrons. The number of emitted electrons is proportional to the intensity of the incoming light. 

The emitted electrons are then accelerated and multiplied using a microchannel plate (MCP). 

There are several channels within an MCP, and each acts as its own electron multiplier. When an 

electron enters a channel, it strikes the walls, creating secondary electrons. This cascade effect 

Figure 20. The principle of chirped pulse amplification (CPA) [59] 
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amplifies the original electron signal by several orders of magnitude. After amplification, the 

electron cloud strikes a phosphor screen coated with a material that emits photons when excited 

by electrons, in this case P46. This step converts the intensified electron signal back into a visible 

light image. The intensity of the phosphor emission is proportional to the input light signal, 

preserving the image's brightness distribution. This visible light emitted by the phosphor is 

captured by the CMOS sensor. The photons generate electron-hole pairs on the sensor, which are 

converted into a voltage at the pixel level and after processing, are represented as an image. One 

of the iCMOS camera's defining features is its gating mechanism, which controls the time 

window during which the image intensifier is active. The MCP or photocathode can be 

electronically gated on and off within nanoseconds or even picoseconds. This allows the ICCD to 

capture extremely fast events (e.g., laser pulses or plasmas) with high temporal resolution, 

effectively freezing motion in time. The camera system was synchronized to the laser output so 

Figure 21.  Block diagram of iCMOS Camera (1) the image intensifier, (2) the optical 
coupling lens system, (3) the sCMOS image sensor, (4) the camera system, (5) the fiber 

optic interface  [60] 
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that at 𝑡 = 0	𝑛𝑠 is the first instant at which the emission is detectable by the camera system. The 

exposure time was kept constant at 2 ns unless otherwise noted, and the final output images were 

taken as the cumulative average of 15,000 frames.  

3.2.4 Spectrometer 

The Andor SR-500-i, 0.5-m Czerny-Turner configuration with a 1200-grooves/mm 

grating blazed at 500 nm was coupled to the iCMOS camera in order to perform OES. A 

spectrometer operates by directing light through a narrow slit, which serves two key purposes: 

improving spectral resolution and controlling the amount of light entering the device. The width 

of the slit plays a critical role in determining the instrument's resolving power. A narrower slit 

enhances the ability to resolve closely spaced wavelengths, providing finer spectral detail. 

However, this comes at the cost of reduced light intensity, which can make faint emission bands 

harder to detect. The trade-off between resolution and light throughput must be carefully 

balanced for optimal performance. The linear dispersion of wavelengths as a function of position 

from a given spectrometer is given by the grating equation, 

 dλ
dx =

𝑑
𝑚𝑓 3-1 

where 𝑑 is the gap between grooves on the diffraction grating, 𝑚 is the order of from the 

dispersed light, and 𝑓 is the focal length of the spectrometer. For present experimentation, the 

values of 𝑑,𝑚, &	𝑓 are 
/	((

/"!!	K1+)J
, 1, &	500	𝑚𝑚. The resolving power of a spectrometer which 

determines its ability to distinguish peaks in the spectra is given by the equation,  

 RLM,& = Δ𝜆
Δ𝑥 	× max(𝑤/, 𝑤") 3-2 

where 𝑤/&	𝑤" are the widths of the entrance slit, and the width exit slit, which in this case is the 

width of the pixels in the camera. Clearly, the entrance slit is going to be the maximum between 



 

 35 

those two widths. Using a slit width of 150	𝜇𝑚	leads to a theoretical maximum resolving power 

of 0.25 nm. However, when a 632.8 nm HeNe laser was measured, the width of that peak was 

0.42 nm.  

3.2.5 Wavelength Calibration 

To calibrate the spectrometer, we used a two-step approach. The first step is to observe 

the differences between true wavelength and grating position wavelength by comparing the 

wavelength the spectrometer is set to against a known calibration source, in this case a Hg:Ar 

lamp shown in Figure 22.  

Figure 22. The discrete spectral lines present in the Mercury (Hg) Argon (Ar) 

lamp source used for spectrometer calibration. 
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The Hg:Ar lamp has discrete spectral lines within a broad range of wavelengths. The light 

from this lamp was collected by the spectrometer to perform our calibration. The spectrometer 

was set so that one of those spectral lines was imaged on the center of the frame. In actuality, the 

spectral line of interest is usually off to one side of the center. To account for this, we moved the 

grating position, that is the set wavelength of the spectrometer, so that the spectral line had its 

peak at pixel 752, the center of our 1,504 pixel wide image. An example of this is shown in 

Figure 23 for the discrete spectral line at 546.08 nm.  

When the spectrometer is set to the “true” wavelength of 546.08 nm, the full width at half 

max (FWHM) of the peak is at pixel 765. When the spectrometer is set to a wavelength of 545 

nm, the FWHM of the peak is now at pixel 795. When the spectrometer is set to the adjusted 

wavelength value of 546.60 nm, our spectral line of interest now has the FWHM at pixel 752. 

The true 546.08 nm spectral line is now centered in the frame when the spectrometer is set to an 

adjusted value of 546.60 nm. This process was repeated for all the spectral lines of the Hg:Ar 

lamp as shown in Figure 22 and is graphed in Figure 24. Linear interpolation was performed on 

the discrete points in the calibration scheme to derive a relationship between set wavelength and 

Figure 23. An example of the wavelength correction done for the spectrometer for the spectral line at 546.08 nm. 
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central wavelength. However, the wavelength values are only calibrated for the center pixel. We 

still have no notion of what the wavelength values will be at the far image left and right, pixels 0 

and 1504. This is the second step of our calibration and is called wavelength dispersion.  

If we select three spectral lines across the range of the Hg:Ar lamp, we can derive what 

the wavelength dispersion is on average across the entire wavelength domain. For each line, we 

set the grating position such that the line is at the far left side of the image. Due to the work done 

in step one, we know what the true wavelength is at the center pixel even if the discrete spectral 

line is not at the center pixel. Thus, if we determine what the pixel number is on the left side of 

the image where our spectral line is at, we get a set of two lines with known wavelength and 

pixel numbers. Thus, wavelength can now be computed as a function of any pixel number away 

from the central pixel. This process is repeated on the right side of the image and for two other 

spectral lines across the wavelength domain. An example is shown in Figure 25. The 296.73 nm 

spectral line is placed at pixel 90. The resulting central wavelength is 323.52 nm. Thus, each 

pixel from 90 to 752 represents a wavelength of 0.04 nm.  

Figure 24. Left: The calibration data from the spectral lines of the Hg:Ar lamp. The set wavelength value (Y-Axis) 

is what had to be input to the spectrometer so that the central wavelength corresponding to the spectral line of 

interest (X-Axis) was at the center pixel, 752. Right: A comparison of the linear interpolation methods used to 

derive a relationship between set wavelength and central wavelength. This interpolation expands the discrete 

points used for calibration to a function valid for continuous wavelengths. 
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Now the raw pixel data can be converted first at the center to true wavelength, then using 

linear dispersion the rest of the pixels in the image can be converted to wavelength. Figure 26 

Figure 25. An example of the procedure done to calculate wavelength dispersion across the image. 

Figure 26. Raw image with pixel axis and converted spectral image with wavelength axis. 
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shows the raw experimental image with pixel number of the horizontal axis with the 

corresponding spectral image with wavelength axis beneath it.  

3.3 Temperature via Boltzmann Analysis 

The radiative code Specair can cross-reference experimental data with a catalog of known 

energy level transitions as a function of temperature [25,26]. The plasma's rotational and 

vibrational temperatures was determined during early stages when scattering techniques are less 

feasible. Specifically, we conduct temperature measurements using the second positive system of 

nitrogen, N2 (C³Πᵤ → B³Πg), and the first negative system of N2
+ (B²Σᵤ⁺ → X²Σg⁺). The second 

positive system of N2(C³Πᵤ → B³Πg) is a transition from a higher energy level to a lower energy 

level with associated properties therein. The C³Πᵤ term describes a triplet excited state (C3) at a 

certain electronic level with an associated symmetry (Πᵤ). Likewise, B³Πg describes a lower 

triplet excited state (C3 àB3) with a different symmetry (uàg) but the same orbital angular 

momentum (Π). The experimental spectrum of two vibrational bands of N₂ (C³Πᵤ → B³Πg) (0,2) 

are shown in Figure 27.  Overlayed onto the plot is the corresponding best-fit curve. To illustrate 

Figure 27. Experimental spectrum of the N₂ second positive system (𝚫v = −2) overlayed with three synthetic spectra 

generated using the plasma emission and absorption code Specair. The best fit corresponds to rotational and 

vibrational temperatures of Trot=410K and Tvib=3700 K respectively. The experimental spectrum was recorded for a 

femtosecond filament in air at atmospheric pressure and temperature. The spectrum was captured with a 2 ns gate 

width and a delay of 0 ns relative to filament detection by the camera [11] 
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the rotational temperature uncertainty associated with the fitting process, the figure also includes 

two synthetic spectra representing rotational temperatures ±100 K from the best fit. 

3.4 Chemical Dynamics in Femtosecond LIP Filament 

3.4.1 N2(C) and N2
+(B) Population and Lifetime 

Figure 28 presents the emission spectra of the filament within the 365–400 nm range for 

delays ranging from 0 ns to 6 ns. The spectra is dominated by molecular emissions from the N2 

second positive system and the N2
+ first negative system, with no observable continuum which is 

comparable with what others have seen in similar femtosecond laser-induced plasmas [61–66]. 

The formation mechanisms of these species remain inconclusive. For N2(C), three primary 

pathways have been proposed in the literature. 1) Formation via N4
+ dissociation. In this scheme, 

N4
+ is formed from the association of N2 and N2

+, followed by dissociative recombination to 

produce N2(C) and N2, as discussed in Refs. [63,67,68]. 2) An intersystem crossing reaction that 

is assisted by a collision which starts with multiphoton absorption generating an excited singlet 

Figure 28. Time resolved experimental spectra of the femtosecond laser-induced filament in standard atmospheric 

conditions, captured for delays ranging from 0 ns to 6 ns by 2 ns. A delay of 0ns refers to the first instant that 

emission is visible by the camera. The vibrational band heads of the N₂ second positive system and N₂⁺ first negative 

system are labeled in accordance to the notation (v', v''), where v' represents the vibrational level of the upper 

electronic state and v'' corresponds to the vibrational level of the lower electronic state [11] 
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state of N2, which then undergoes a collision to form N2(C) [69–71]. 3) Direct electron impact 

reaction where electron excitation of N2(X) leads to a population of N2(C), examined in Refs  

[66,72–74]. In Chapter 4, the proposed formation mechanisms will be analyzed for N2(C) 

through the use of zero-dimensional plasma kinetics modeling. Similarly, the formation of 

N2
+(B) has been attributed to several mechanisms. These include multiphoton ionization and 

tunnel ionization of inner-valence electrons of N2, as explored in Refs [62,67,70,75,76]. N2
+(B) 

can also arise from direct electron-impact excitation of N2(X) [73] or N2
+(X) [68]. 

Figure 29 illustrates the dynamics of these species following their formation, represented 

by their relative populations. The calculation for relative population is done by using the 

intensity of the corresponding vibrational band head at a delay of 0 ns and normalizing the 

subsequent data by that value. That is to say; it shows the relative decay of the species of interest 

as a function of time after the plasma emission becomes visible. All observable vibrational levels 

of N2 (C) show an increase in relative population at a 2 ns delay compared to their values at 0 ns. 

This suggests that, in addition to the rapid formation mechanisms that populate N2(C) during the 

femtosecond pulse within the first few tenths of a picosecond, additional processes are active on 

the nanosecond timescale under these conditions. One proposed method for the observed rise in 

emission intensity after the initial filament formation could be attributed to energy pooling 

reactions involving N2(A3Σu
+) [77]. Beyond this point, the emission intensity of N2(C) 

diminishes, becoming undetectable 8 ns after the laser pulse.  
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The radiative lifetime of N2(C) is approximately 39 ns, with quenching rate coefficients 

of about 10−11 cm3/s for N2 and 2.7×10−10 cm3/s for O2 [78]. Assuming the populations for N2 and 

O2 are consistent with air at 500 K, the characteristic decay time of N2(C) due to spontaneous 

emission and quenching by N2 and O2 is roughly 1 ns. This decay time agrees with the 

experimental behavior observed of N2(C) and suggests that the dominating destruction reactions 

for N2(C) are its quenching with air molecules.  

The behavior of N2
+(B), however, differs significantly. Its population remains steady at 

delays of 0 and 2 ns but becomes undetectable by 4 ns after the laser pulse. The radiative lifetime 

of N2
+(B) is approximately 60 ns, with quenching rate coefficients of 4.6×10−10 cm3/s for N2 and 

6.8×10−10 cm3/s for O2 [78]. Under the same conditions stated above, the characteristic decay 

time for N2
+(B) due to radiative deexcitation and quenching would be about 0.13 ns. The steady 

population observed at delays of 0 and 2 ns could be explained by competing mechanisms that 

Figure 29. Relative populations of various vibrational states of N2 excited to the C 

electronic state and N2+ excited to the B electronic state. The relative population of 

each species is determined via normalization from the emission of the corresponding 

vibrational band head at a delay of 0ns [11]  



 

 43 

both populate and deplete N2
+(B). After 2 ns, the populating mechanism ceases, and rapid 

quenching explains its absence after 4 ns. 

The plasma filament lifetime of approximately 6 to 8 ns observed here aligns with 

previous studies using similar focusing conditions with focal lengths ≥ 1 m [55,65,79]. In 

contrast, studies that utilized focusing optics with a shorter focal length reported plasma emissive 

lifetimes that followed the trend and were closer to 1 ns [64]. 

3.4.2 N2(C) and N2
+(B) Temperature Measurements 

The fitted spectrum shown in Figure 27 allows for the observation of the vibrational 

temperature of N2(C) and N2
+(B) in addition to their rotational temperature of the different 

vibrational bands observable for the two species of interest. Figure 27 and Figure 30 show that 

the typical uncertainty for the fit of the rotational temperature for both N2(C) and N2
+(B) is 

around 100 K. The difference in vibrational energy levels Δ𝑣 = (𝑣′, 𝑣′′) can be seen clearly in 

Figure 30. Comparison of a representative experimental spectrum of the N₂ second positive system (𝚫v = −3) with three 

synthetic spectra generated using the line-by-line radiation code Specair. The best fit corresponds to rotational and 
vibrational temperatures of Trot=510K and Tvib(N2(C))=2800 K and Tvib(N2+)=1700 K . The experimental spectrum was 

recorded for a femtosecond filament in air at atmospheric pressure. The laser deposited 0.5 mJ per pulse into the plasma, 

operating at a repetition rate of 1 kHz. The spectrum was captured with a 2 ns gate exposure at a delay of 0 ns relative to 

filament generation [11] 
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Figure 28 which shows both N2 systems on the same axes. In Figure 30 the N2 system with  

Δ𝑣 = −3 is shown whilst in Figure 27 the N2 system with Δ𝑣 = −2 is shown.  

The rotational temperature is determined by obtaining the best fit that encompasses two 

vibrational systems of N2(C-B) and one vibrational system of N2
+(B-X), a total of 8 vibrational 

bands. Figure 31 illustrates that all the fitted rotational temperatures align within the uncertainty 

of ±100	K. This suggests that rotational-translational relaxation occurs faster than the 

characteristic time for spontaneous emission of the N2 second positive system and the N2
+ first 

negative system. Consequently, the rotational temperature determined by global fitting can be 

assumed to be the same as the gas temperature. Therefore, in our experimental conditions, the 

gas temperature within the femtosecond filament is approximately 500 K and remains stable 

throughout the first 6 ns. This temperature is 400 K lower than that observed in a similar setup 

using a laser energy of 3 mJ [65]. (It should be noted that the laser energy discussed here is 

different from the energy deposited in the plasma, as elaborated in 3.2.1. While N2(C) emission 

is still visible at a 6 ns delay, the quality of the fit at this time does not allow for a reliable 

determination of the temperature. 

Figure 31. Temperature evolution of the rotational temperature of N2(C) and 

N2+(B) for the 𝛥𝑣 = −3	&	𝛥𝑣 = −2 systems [11] 
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The increase in gas temperature up from 300 to 500 K could arise either from cumulative 

heating caused by the 1 kHz repetition rate of the laser pulses over a long period of time or from 

heating by a single pulse if the gas has sufficient time to cool back to 300 K between successive 

pulses. In the latter scenario, the observed 200 K temperature increase would need to occur on a 

sub-nanosecond timescale. Given the short pulse duration, significant Joule heating is unlikely. 

Instead, the gas heating may result from processes such as charge exchange reactions, 

dissociation recombination, or dissociative quenching [80]. Further work is needed to fully 

understand the mechanisms behind gas heating in femtosecond laser-induced filaments, while the 

purpose of this work remains on understanding chiefly the reaction pathways for the dominant 

excited species found in the experimental results, which required a determination of the gas 

temperatures observed. 

The global vibrational temperature of N2(C) can be analyzed using the spectra shown in 

Figure 28. However, in Figure 32, it is shown that a single vibrational temperature cannot 

accurately fit all the visible vibrational bands of the N2(C-B) (Δ𝑣 = 2) transition. The synthetic 

spectrum assumes a Boltzmann distribution for the vibrational states of N2(C), indicating that 

Figure 32. Two fits for the N2(C-B) transition (𝛥𝑣 = −2) based on an assumed Boltzmann distribution with different 

vibrational temperatures to match the various peaks in system [11] 
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these states do not follow such a distribution. This non-Boltzmann behavior is likely linked to the 

formation mechanisms of N2(C), as vibrational-vibrational (V-V) energy transfer occurs on a 

timescale longer than a nanosecond. As discussed in 3.4.1, the precise mechanisms of N2(C) 

formation remain unclear in the literature, with different mechanisms potentially occurring on 

varying timescales. Energy pooling reactions of N2(A), suggested as a nanosecond-scale 

mechanism, could contribute to this process. According to Ref [77], the rate coefficient for 

energy pooling reactions of N2(A) that populate N2 (C, 𝑣 = 1) is 1.6 times higher than for those 

populating N2(C, 𝑣 = 0). This aligns with the measurements in Figure 32, where for a vibrational 

temperature of 2200 K, N2(C, 𝑣 = 0) is underpopulated. The detailed chemical kinetics for 

N2(C) production and destruction are investigated in the next chapter and the energy pooling 

reactions for N2(A) after the femtosecond laser pulse are modeled.   
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CHAPTER 4: MODELING 

 

 

 

4.1 Introduction 

This chapter will discuss the work done to generate a zero-dimensional model that 

simulates the time evolution of species within a femtosecond laser-induced filament post-

discharge. There is a large emphasis on presenting the methodology for generating the reaction 

rate constants for various electron-impact reactions as a function of electron temperature. 

Previous studies have been performed for similar types of modeling that look into the plasma 

dynamics that occur within femtosecond filamentation. Namely, Shneider et. al. have 

investigated the prospect of tailoring plasma properties to be better suited for dual pulse 

applications [9]. In this study, the authors found a way to extend the lifetime of femtosecond 

filaments by overlapping a nanosecond pulse from a neodymium-doped yttrium aluminum garnet 

(Nd:YAG) laser pulse. The work presented in this thesis differs in that the plasma kinetics 

mechanism presented herein captures state-specific reactions for excited species of nitrogen and 

oxygen. 

In contrast to the model presented by Shneider et. al., Popov has created a detailed model 

that does encompass state-specific reactions for nitrogen electronic states [80], although 

presented for nanosecond electric discharges. This model, which captures dissociative quenching 

of state-specific nitrogen electronic states through molecular oxygen was verified through 

experiments by Laux et. al. [81]. However, for plasmas generated through the use of a 

femtosecond laser, very little is known about the plasma kinetics occurring within and few 

This chapter is based primarily on material published as a journal article: S. Wilson, V. P. Blanchard, A. P. 

Yalin, and C. Dumitrache, “Modeling and Experimental Study of Nitrogen Plasma Kinetics in Femtosecond 

Laser Filaments at Atmospheric Conditions,” in AIAA SciTech, 2025. My contribution to this was to generate 

the model, perform the simulation, and analyze the results.    
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studies have been performed. The contents of this chapter aim to address that through a 

combination of modeling of nitrogen and oxygen chemical kinetics and comparison to previously 

performed optical emission spectroscopy (OES) presented in Chapter 3. The hope is to be better 

able to describe the time evolution of species within a femtosecond filament and identify reaction 

pathways for the dominant emissive species observed in the OES data. When a deep 

understanding of femtosecond plasma chemical kinetics is obtained, it will lead to a furtherance 

in the readiness of using femtosecond laser-induced plasmas for combustion initiation and 

propagation in high-performance aerospace engines.  

4.2 Zero Dimensional Plasma Kinetics Modeling 

In Chapter 2, the equations and physical model used by a program called ZDPlasKin 

were presented. While such equations will not be repeated for brevity, a general summary of the 

model is provided. ZDPlasKin takes a species 𝑁 where the concentration of species 𝑁 can be 

denoted as [𝑁1] where i is the timestep for 𝑖 = 1	. . .		 𝑖(*4 and solves for the time rate of change 

of species 𝑁 at timestep i, via the summation of all the source and sink terms responsible for the 

generation or destruction of species 𝑁.  The summation is applied at the present timestep 𝑖, and 

the change in concentration 
=[0!]

=@
 is applied with the concentrations at the previous 

timestep	[𝑁1A/] and the time evolution of the concentration of species 𝑁 is tracked. Further, the 

ZDPlasKin solver tracks the time evolution of gas temperature and reaction rates. Within 

compatible visualizers like QTPlasKin, it is possible to perform sensitivity analyses on the 

reaction rates to determine formation and loss mechanisms for the species tracked within the 

model [28–30]. When a reaction involving electron impact is encountered by the solver, 

BOLSIG+ is employed to calculate the rate constant. This solver has been used effectively in the 

past to simulate electrical discharges; however the solver was adapted for the present work to 

handle optical discharges, like those created by femtosecond filamentation. For electrical 
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discharges, electron-impact reactions are typically characterized by a reduced electric field 𝐸/𝑁. 

To simulate the post-discharge chemical kinetics of femtosecond filaments, this will not suffice 

as the intensity of the laser post-discharge is null and the reduced electric field likewise is 

nullified. Thus, a need arises for the derivation of reaction rates as a function of electron 

temperature. To address this, where normally electron-impact reactions are handed off by the 

solver to BOLSIG+, we impose computed reaction rate constants through the integration of 

cross-sectional data found on the LXCat database [82–101] and the electron energy distribution 

function for a given electron temperature. The results of this integration are then fit to the 

Arrhenius form and prescribed as inputs to the solver. The methodology for generating such 

Arrhenius form equations is presented in greater detail in the next section. 

4.3 Arrhenius Curve Reaction Rate Constant Generation 

Recall Eqn. (2-13) which describes the integration performed to calculate the reaction 

rate constant 𝑘: 

 𝑘(𝑇)) = } 𝜎(𝜀)ℱ
H

!

(𝜀, 𝑇))𝑣(𝜀)𝑑𝜀 2-13 

where 𝜎(𝜀)	[𝑚"]	is the cross-section as a function of electron energy 𝜀	[𝑒𝑉]. This cross-section 

can be thought of as a probability for an interaction to occur between a molecule and an electron. 

The probability is dependent upon the electron’s velocity and thus can be related to its energy. 

Typically, when an electron has high velocity and thus high energy, it requires a lower cross-

sectional area to interfere with to start a reaction. However, a critical threshold exists, unique for 

each reaction, where the electron has excess energy and passes by the potential interaction 

unphased. On the other hand, if the energy is so low that the electron has inadequate potential to 

start a reaction the same results as having too much energy is obtained. Thus, a probability is 

formed where an electron can either interact with a molecule or not dependent upon its energy. 
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The LXCat database is a comprehensive source for electron and ion cross-sectional data and is 

open-sourced [31,32,34,91].  

 The statistical distribution of electrons across continuous energy levels within a plasma 

can be given by the electron energy distribution function (EEDF) as presented in Eqn (2-12). The 

population density of electrons as a function of energy is highly influenced by the electron 

temperature. When a plasma is in thermal equilibrium one can assume a Maxwell-Boltzmann 

distribution wherein the population of electrons decreases exponentially as energy increases. The 

plasma investigated in this study will assume a Maxwellian distribution. It is important to note 

that the plasma generated by femtosecond filaments could deviate from this assumption as a 

result of the non-equilibrium conditions generated during the laser pulse. Due to the pulse width 

of femtosecond lasers, a large amount of energy is deposited in a short amount of time which can 

lead to collisional relaxation being incomplete. Further, the nature of plasma generation for 

femtosecond lasers being primarily multiphoton ionization (MPI) and electron tunneling 

ionization exacerbates these conditions. The electrons generated by these mechanisms have a 

broad range of energy levels and can lead to an alteration of the population as described by the 

EEDF. In this case, the EEDF should be estimated using non-Maxwellian models or measured 

directly and will be explored in future work.  

 Therefore, given the description of the terms in the equation, one can intuit that the 

numerical output of Eqn (2-13) is a single number that represents the reaction rate constant for a 

given reaction at a given electron temperature. By computing this reaction rate constant at a 

variety of discrete electron temperatures, we can create an empirical fit of reaction rate constants 

as a function of temperatures. The Arrhenius equation provides a good framework for us to build 

our relationship between reaction rate constant and electron temperature. Recall equation (2-15) 
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which was a modified version of the Arrhenius equation that places more emphasis on the 

electron temperature 𝑇) 	[𝐾]:  
 𝑘(𝑇C) = 𝐴𝑇C+ exp @−𝐸*𝑇C E	[

𝑐𝑚$

𝑠 ] 2-15 

where 𝐴, 𝐸* , &	𝑛 are the fitting constants. By modifying the Arrhenius equation to 

incorporate electron temperature, the reaction rate constant can be approximated as a function of 

electron temperature. This adaptation is particularly effective for reactions with significant 

activation energy barriers, such as ionization or excitation, where only higher-energy electrons 

can trigger the reaction. The Arrhenius form captures this threshold behavior by modeling the 

reaction rate as a rapidly increasing function of electron temperature once electrons possess 

sufficient energy to overcome Ea. This approach provides an empirically fitted relation that 

simplifies the complex interaction between electron temperature and reaction rate while 

maintaining physical accuracy. Using the Arrhenius equation in this manner enables more 

manageable models of electron-driven processes, allowing simulations to capture temperature-

dependent behaviors without requiring explicit integration of cross-section data over the EEDF 

for each calculation. Thus, the Arrhenius equation offers a practical and efficient approximation 

for describing the relationship between reaction rate and electron temperature in plasma systems. 

4.4 Arrhenius Curve Fitting MATLAB Code 

A MATLAB code was written that computes the equation for the electron temperature-

dependent reaction rate constant 𝑘 in the form of Eqn (2-15). This code imports the cross-

sectional data from the LXCat database and applies a smoothing spline to interpolate between 

data points. This was done to allow for higher fidelity numerical integration to occur when 

calculating the integral form of the reaction rate constant given by Eqn (2-13). The code uses 
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nonlinear least squares regression via the MATLAB function 𝑓𝑚𝑖𝑛𝑠𝑒𝑎𝑟𝑐ℎ() to compute the 

values of the fitting parameters 𝐴, 𝐸* , &	𝑛 that reduces the sum of the squared errors between the 

computed data points and the fitted curve evaluated at those points to a minimum value. The 

procedure used to obtain the reaction rate constant Arrhenius curve is depicted graphically in 

Figure 33. Top: Graphical representation of the steps taken to obtain the reaction rate constants in the Arrhenius 

form.  

Bottom: An example of the nonlinear fitting that was performed to obtain the reaction rate constant calculations of 

the electron-impact reaction e+N2(X) -> N2 (C3Πu) +e. The vertical gray line indicates at what point the Arrhenius 

curve fit is limited to when performing optimization. This was done to improve the accuracy at lower temperatures.  
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Figure 33-Top for the reaction 𝑒 + 𝑁" → 𝑁"(𝐶) + 𝑒 where the subplots show the 𝜎(𝜀) fitted with 

a spline, the computed Maxwellian EEDF for a given 𝑇), an overlay of 𝜎(𝜀) with ℱ(𝜀, 𝑇)) to 

visually show the product of those two curves, the trapezoidal integration process prescribed in 

Eqn (2-13), and the computation of the reaction rate constant 𝑘 at discrete values for 𝑇). Finally, 

the nonlinear Arrhenius curve fitted to the discrete values of 𝑘 is shown in Figure 33-Bottom. 

This curve serves as the input value for the ZDPlasKin solver. 

To validate the accuracy of this fitting process, a comparison was made between the 

reaction rate constants computed from the Arrhenius form and the BOLSG+ computed reaction 

rate constants for a nanosecond repetitively pulsed discharge (NRP) simulation. The result of that 

comparison for nitrogen reactions is shown in Figure 34, oxygen reactions in Figure 34, and NOx 

reactions with electron number density in Figure 36.  

 When performing the validation, it was necessary to focus on the lower temperature 

regimes (below 1.5 eV or ~17,400 K) within the fit to obtain more accurate Arrhenius form 

equations. This need came from an observed overestimation of the species densities when 

compared to the values nominally computed by BOLSIG+.  

Figure 34. Species number density comparison for nitrogen electron impact reactions. The Arrhenius form reaction 

rate constants and BOLSIG+ computed reaction rates served as the inputs for the computed species densities. The 

blue curve depicts what is computed by BOLSIG+ and the orange dotted curve the values from the Arrhenius rate 

input. The simulation is performed for a NRP at atmospheric conditions for an initial temperature of 1200K. 
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Figure 35. Species number density comparison for oxygen electron impact reactions. The Arrhenius form reaction 

rate constants and BOLSIG+ computed reaction rates served as the inputs for the computed species densities. The 

blue curve depicts what is computed by BOLSIG+ and the orange dotted curve the values from the Arrhenius rate 

input. The simulation is performed for a NRP at atmospheric conditions for an initial temperature of 1200K. 

Figure 36. Species number density comparison for NOX electron impact reactions. The Arrhenius form reaction rate 

constants and BOLSIG+ computed reaction rates served as the inputs for the computed species densities. The blue 

curve depicts what is computed by BOLSIG+ and the orange dotted curve the values from the Arrhenius rate input. 

The simulation is performed for a NRP at atmospheric conditions for an initial temperature of 1200K. 
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When the nominal temperature range seen for NRP plasma was used (1,000 – 70,000 K) 

the Arrhenius fit appeared to be valid for all temperatures. That is, the fitted curve appeared to 

intersect all computed data points. However, a deviation existed in the lower temperature region.  

Using the knowledge that the maximum electron temperature produced by the 

femtosecond filament is 1 eV or 11,606 K, it makes physical sense to impose a fitting limit for 

the lower temperature regime for the femtosecond reaction rate constants [5]. This fitting limit is 

depicted by the vertical gray line in Figure 33-Bottom. The deviation and the improvement made 

by imposing the limit are shown in Figure 37.   

The chemical kinetics model for the femtosecond filament plasma evolution in the post-

discharge phase is built upon the reaction rates proposed by Capitelli et. al. [101] and Ivanov et. 

al. [68]. As stated previously, the electron-impact reactions previously solved with the help of 

BOLSIG+ are now replaced with the Arrhenius form of Eqn (2-15) and in accordance with the 

fitting parameters found in Table 1.  

 

Figure 37. A comparison of the effect of the imposed fitting limit on the nonlinear fitting data. The top 

row shows the same set of data fit with two different limits, shown with the vertical gray line. The 

bottom row shows a zoomed section of the top two plots (highlighted red in the top row) which 

demonstrates that adjusting the fitting limit improves the fit at lower temperatures. 
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Table 1: Arrhenius Parameters for Electron Impact Reactions 

Reaction Number Reaction A Ea n 

1 𝑒 + 𝑁( → 𝑒 +𝑁((𝐴, 𝑣 = 	0 − 4)	 1.77E-13 7.59E+04 0.704 

2 𝑒 + 𝑁( → 𝑒 +𝑁((𝐴, 𝑣 = 	5 − 9)	 7.97E-12 8.59E+04 0.498 

3 𝑒 + 𝑁( → 𝑒 +	𝑁((𝐴, 𝑣 ≥ 10)	 4.92E-11 9.75E+04 0.346 

4 𝑒 + 𝑁( → 𝑒 +𝑁((𝐵) 4.74E-10 8.94E+04 0.243 

5 𝑒 + 𝑁( → 𝑒 +𝑁((𝑊) 2.99E-11 9.41E+04 0.494 

6 𝑒 + 𝑁( → 𝑒 +𝑁((𝐵`) 8.81E-12 9.78E+04 0.514 

7 𝑒 + 𝑁( → 𝑒 +𝑁((𝑎`) 3.00E-12 9.59E+04 0.564 

8 𝑒 + 𝑁( → 𝑒 +𝑁((𝑎) 5.59E-11 9.50E+04 0.352 

9 𝑒 + 𝑁( → 𝑒 +𝑁((𝑤) 2.42E-12 1.05E+05 0.711 

10 𝑒 + 𝑁( → 𝑒 +𝑁((𝐶) 1.60E-09 1.34E+05 0.257 

11 𝑒 + 𝑁( → 	𝑒 + 𝑁((𝐸) 1.09E-08 1.23E+05 -0.336 

12 𝑒 + 𝑁( → 	𝑒 + 𝑁 +𝑁(2𝐷) 7.66E-11 1.55E+05 0.541 

13 𝑒 + 𝑂( → 𝑒 + 𝑂((𝑎1𝐷) 4.82E-13 1.43E+04 0.715 

14 𝑒 + 𝑂( → 𝑒 + 𝑂((𝑏1) 9.98E-15 1.72E+04 1.013 

15 𝑒 + 𝑂( → 𝑒 + 𝑂((4.5𝑒𝑉) 2.13E-05 7.25E+04 -0.852 

16 𝑒 + 𝑂( → 𝑒 + 𝑂 + 𝑂 8.50E-11 6.65E+04 0.464 

17 𝑒 + 𝑂( → 	𝑒 + 𝑂 + 𝑂(1𝐷) 4.33E-01 1.08E+05 -1.439 

18 𝑒 + 𝑂( → 𝑒 + 𝑂 + 𝑂(1𝑆) 1.09E-11 1.13E+05 0.375 

19 𝑒 + 𝑂( → 𝑒 + 𝑂 + 	𝑂(3𝑝3𝑝) 4.31E-12 1.86E+05 0.296 

20 𝑒 + 𝑂( → 𝑒 + 𝑂 + 𝑂(3𝑝5𝑝) 5.30E-12 1.84E+05 0.423 

21 𝑒 + 𝑂	 → 𝑒 + 𝑂(1𝐷) 8.24E-14 2.15E+04 1.140 

22 𝑒 + 𝑂	 → 𝑒 + 𝑂(1𝑆) 1.99E-12 4.92E+04 0.560 

23 𝑒 + 𝑂	 → 𝑒 + 𝑂(3𝑝3𝑝) 3.17E-11 1.28E+05 0.446 

24 𝑒 + 𝑂	 → 𝑒 + 	𝑂(3𝑝5𝑝) 2.17E-11 1.26E+05 0.408 

25 𝑒 + 𝑁	 → 𝑒 + 𝑒 +	𝑁) 1.25E-09 2.48E+05 0.346 

26 𝑒 + 𝑂	 → 𝑒 + 𝑒 +	𝑂) 3.16E-12 1.53E+05 1.005 

27 𝑒 + 𝑁( → 𝑒 + 𝑒 + 𝑁(
) 2.60E-11 1.82E+05 0.579 

28 𝑒 + 𝑂( 	→ 𝑒 + 𝑒 +	𝑂(
) 9.34E-12 1.37E+05 0.580 

29 𝑒 + 𝑂((𝑎1𝐷) → 𝑒 + 𝑒 +	𝑂(
) 5.11E-11 1.24E+05 0.594 

30 𝑒 + 𝑁(𝑂 → 𝑒 + 𝑒 + 𝑁(𝑂
) 5.55E-12 1.46E+05 0.706 

31 𝑒 + 𝑂( 	→ 	𝑂
* + 𝑂 6.40E-13 5.68E+04 0.655 

32 𝑒 + 𝑁𝑂	 → 	𝑂* + 	𝑁 6.37E-13 5.67E+04 0.335 

33 𝑒 + 𝑂+ 	→ 	𝑂
* + 𝑂( 6.79E-15 3.34E+02 1.345 

34 𝑒 + 𝑂+ 	→ 	𝑂(
* + 𝑂 1.69E-08 8.00E+03 -0.308 
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Table 2: Associative Combination and Quenching Reactions for N2
+ and N4

+, from Ivanov et. al. [68] 

 

Table 3: Quenching and Excitation of N2, and Optical Transitions, from Capitelli et al. [101] 
 

Reaction Number Reaction 𝒌	[𝒄𝒎𝟑/𝒔] 

45 𝑁((𝐴) + 𝑁((𝐴) → 𝑁( +𝑁((𝐶)	 1.50 × 10*-. 

46 𝑁((𝐶) + 𝑁( → 𝑁((𝑎`) + 𝑁( 1.00 × 10*--	

47 𝑁((𝐶) + 𝑂( → 𝑁( + 𝑂 + 𝑂(1𝑆) 3.00 × 10*-.	

48 𝑁((𝐶) → 𝑁((𝐵) 2.45 × 10/ 

 

4.5 Simulation Initial Conditions 

The simulation performed in this study begins at the end of the femtosecond pulse, which 

is not modeled here but rather references the work of others [5,9]. Rather, the post-discharge 

conditions are determined using the assumed clamped intensity value (refer to section 2.2.2) of 

𝐼 = 5 × 10/$	W/cm2 for self-focusing laser in atmospheric air with a species density of 𝑛 =
2.5 × 10/N	molecules/cm3, based on [38]. Knowing that the pulse width is 100 fs, electron 

avalanche plasma formation is neglected as well as dissociative and associative ionization 

processes. The characteristic time for these processes to occur at atmospheric pressure is much 

longer than the pulse width of the laser, as described in Eqn (2-2). Rather, work performed by 

Talebpour [104] allows us to determine the rate of MPI ionization within the fs-pulse and to infer 

the species density of nitrogen and oxygen ions as reported in Table 4. Using an analytical 

method proposed by Mur et. al., the generation of photoelectrons under strong radiation 

Reaction Number Reaction 𝒌	[𝒄𝒎𝟑/𝒔] 

35 𝑁(
) + 2𝑒 → 𝑁( + 𝑒	 6.35 × 10*(0 

36 𝑁(
) +𝑁( + 𝑒 → 2𝑁(	 5.29 × 10*+. 

37 𝑁1
) + 𝑒 → 𝑁((𝐶) + 𝑁( 1.70 × 10*2 

38 𝑁(
) + 𝑒 → 𝑁 +𝑁 1.34 × 10*/ 

39 𝑁(
) + 2𝑁( → 𝑁1

) +𝑁( 1.00 × 10*(3 

40 𝑁(
) + 𝑂( +𝑁( → 𝑁𝑂) +𝑁( +𝑁𝑂 [102,103] 

41 𝑁(
) + 𝑂( → 𝑁𝑂) +𝑁 + 𝑂 8.00 × 10*-. 

42 𝑁(
) +𝑁( → 𝑁 +𝑁+

) 3.00 × 10*-. 

43 𝑁1
) + 𝑒 → 2𝑁( 4.90 × 10*/ 

44 𝑁1
) +𝑁( → 𝑁(

) + 2𝑁( 8.30 × 10*-+ 
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conditions within femtosecond pulses is found, and the electron temperature of the filament is 

obtained via EEDF calculations [105]. Finally, given the restraint that ZDPlasKin does not allow 

a time-evolved EEDF calculation, the post-pulse electron temperature used in the present work 

was derived from previous work done by others in our lab and is outlined in Ref [5] and shown 

in Figure 38. The steep nature of the curve at early timesteps calls for linear interpolation to 

occur in the timesteps immediately following the start of the simulation. The time domain in 

which our simulation exists takes place after the pulse has ceased therefore the reduced electric 

field 𝐸/𝑁 has also ceased. Through the combination of the time-resolved electron temperature 

derived from others and the initial species densities calculated immediately after the pulse from 

previous studies, the foundation upon which our post filament femtosecond simulations is laid.  

Table 4 Initial Densities of Species Post Femtosecond Filament [5]  

Species Initial Number Density [𝟏/𝒄𝒎𝟑] 

𝑒 1.024 × 10-/ 

𝑁( 1.650 × 10-4 

𝑂( 8.280 × 10-3 

𝑁(
) 4.080 × 10-1 

𝑂(
) 1.020 × 10-/ 
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Figure 38. Discrete electron temperature values, serving as a input to the ZDPlasKin simulation. 

Derived from EEDF calcuations done by Hooyshar et al. shown in blue. The orange datapoints are the 
result of a linear intepolation to provide more timesteps at earlier simulation times where the plasma 

chemistry is most important [5]. 
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4.6 Results 

4.6.1 Spectra Differences Between Femtosecond and Nanosecond LIP 

In Chapter 3, the results of OES and the emission spectra for femtosecond laser-induced 

plasma are shown. In Figure 28 the spectra is dominated by the molecular emission from the 

N2(C-B) and N2
+(B-X) transition. Further, strong emission is present from the triplet of atomic 

oxygen (at 777 nm) and excited (O+ at 470 nm), but those atomic lines are not the focus of this 

study. Throughout the spectra, no continuum is observed. These results differ from the spectra of 

those collected for nanosecond laser-induced plasmas. The spectra for the nanosecond variety 

shows a strong continuum, the absence of molecular emission, and typically are detectable into 

the tens of microseconds [10,106]. As a direct comparison between femtosecond and nanosecond 

spectra, previous studies utilizing nanosecond laser breakdown have seen faint emission for the 

N2(C-B) and N2
+(B-X) transition, albeit delay times longer than 1 μs [107]. Recall that the delay 

times at which the N2(C-B) and N2
+(B-X) emission is no longer visible is 6 ns for femtosecond-

induced plasma. In further contrast, the nanosecond laser spark emission spectra for delay times 

of the same caliber are dominated by Bremsstrahlung radiation coming from free electrons in the 

plasma.  

That is not to say there are no similarities between the two sets of laser-induced plasmas. 

In the case of NRP, both femtosecond filaments and NRP show a strong emission for N2(C-B) 

and N2
+(B-X) at early times. This could indicate a lower degree of ionization and dissociation 

within NRP than in a nanosecond spark. However, the emission time for such a transition is still 

much shorter in femtosecond filaments than in NRP [81]. Therefore, the need to understand the 

complex chemical kinetics acting in femtosecond filaments is furthered by its differences against 

nanosecond laser breakdown, nanosecond sparks, and NRP.  
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4.6.2 Proposed Formation Mechanisms for N2(C) 

Previous studies have shown that similar optical setups to produce femtosecond filaments 

have spectra emissions that are dominated by N2(C-B) [61–66]. Within these studies, three 

possible schemes for the formation of N2(C-B) are proposed. The first scheme starts with the 

formation of N4
+ from the associative combination reaction reported as Reaction 39 in this work. 

The N4
+ molecule quickly dissociates into N2(C) and N2, reported as Reaction 37 and 40 in this 

work. This scheme is supported by Ref [63,67,68]. Second is the collision-assisted reaction that 

crosses nitrogen systems. It involves the formation of a single excited state of 𝑁" → 𝑁"∗ followed 

by an electron collision to produce N2(C) [69–71]. Finally, the third mechanism relies on direct 

excitation of 𝑁"(𝑋) → 𝑁"(𝐶) via direct electron impact, reported as Reaction 10 and supported 

by Refs [66,72–74]. An experimentally observed increase in the relative population of N2(C) at a 

delay of 2 ns could indicate competing formation reactions where one becomes dominant over 

the others at later times in the post-discharge. A proposed reaction that could fit this description 

is the energy pooling reaction of 𝑁"(𝐴$ ∑ 	)P
Q , reported as Reaction 45 in this work and supported 

by Ref [77]. Clearly, there is a lack of literary consensus on the formation mechanism for the 

dominant species in the emission spectra of femtosecond laser-induced filaments. Given this, a 

chemical kinetics sensitivity analysis for all the competing mechanisms is presented in the next 

section.  

4.6.3 N2(C) Sensitivity Analysis in fs-LASER Plasmas 

The sensitivity analysis performed after the simulation was complete allows the 

determination of the formation and loss mechanisms for N2(C) in our model. The results show 

that N2(C) is initially populated via direct electron-impact excitation up from N2(X) and is shown 

in the orange curve in Figure 39. In the early stages of the simulation, whilst the direct electron 

excitation is occurring, a parallel reaction is taking place that soon takes over as the dominant 
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formation mechanism for N2(C). The associative combination of N2
+ and N2 to form N4

+ as 

described in Reaction 39 generates large volumes of N4
+. This unstable molecule dissociates into 

N2(C) as described in Reaction 37 and shown in blue in Figure 39. The proposed pooling 

reaction of N2(A) is also shown in the figure but does not provide a significant impact on the 

N2(C) population until 2 ns (the figure has a maximum time of 0.25 ns plotted). At this point, 

N2(A) pooling does become the dominant formation mechanism for N2(C), but the plasma 

emission from N2(C-B) has ceased due to the N2(C) species density falling beneath detection 

limits.   

While formation is important, equally so is the destruction mechanisms for N2(C). The 

results shown that N2(C) is predominately quenched by O2, then to a smaller order of magnitude 

N2. The quenching rates, which were treated as inputs to our simulation, for N2 and O2 are about 

10-11 cm3/s and 2.7×10-10 cm3/s respectively [78]. The deexcitation of N2(C-B) serves as a 

destruction mechanism, however on an order of magnitude lower still than the N2 quenching 

reaction as shown in Figure 40.  
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Figure 39. Temporal evolution of N₂(C) formation mechanisms. The orange curve represents direct electron-impact 
excitation from the ground state, dominating in the initial picoseconds. The blue curve corresponds to N₄⁺ 

dissociative recombination, which becomes the primary mechanism after N₄⁺ reaches a critical threshold. The yellow 

curve represents the N₂(A) pooling reaction. The reaction number for each process is reported in the legend c.f. 

Tables 1-3. 
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The simulation also reports the time-evolved species density of all molecules and excited 

states captured in the model, and the ones involved in the reaction pathway for N2(C) are shown 

in Figure 41. Several distinct trends arise which support the formation and loss mechanism 

reported above. The density of N2(C) reaches a maximum at 0.25 ns into the simulation and then 

has a rapid decline, falling five orders of magnitude by 5 ns. Likewise, N4
+ is formed in the 

initial picoseconds after the pulse, but decays at a faster rate than that of N2(C). This follows the 

logic of the proposed mechanism involving N4
+ associative/dissociative combination, Reactions 

37 & 39. Also shown on the plot is N2(A), responsible for the pooling reactions occurring at 2 ns. 

The density of this species remains unaffected by the N2(C) & N4
+ beneath it. This also aligns 

with the formation mechanism, suggesting a nonsignificant contribution of N2(C) in the initial 

stages of the simulation.  
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Figure 40. Temporal evolution of N₂(C) loss mechanisms. The orange curve represents quenching by O₂, the blue 

curve corresponds to quenching by N₂, and the yellow curve illustrates the loss of N₂(C) due to the N₂(C-B) radiative 

transition. O₂ quenching dominates initially, while the N₂(C-B) transition becomes a significant pathway later, 

aligning with experimental spectra observations. 
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4.6.4 N2(C) Experimental Data Comparison 

To compare the experimental data against that of the model, we need to take the integral 

of the time-resolved spectra for N2(C), as shown in Figure 28 for the range of 365-390 nm. This 

range was chosen because only N2(C) emission is present here. The results of the numerical 

integration are normalized to the value at a delay of 0 ns. In Figure 42, we see good agreement 

between the fast decay of N2(C) between the experimental data and the model. However, the 

time at which that decay occurs is much sooner for the model than for the experiment. Several 

explanations can be found for this behavior. First is the time resolution of the camera being much 

coarser than that of the model. The camera operates on a minimum gate width of 2 ns, whilst the 

model has timesteps of 0.1 ns. Thus, in the case of the experimental data, we are only able to 

collect data on a timescale wherein most of the chemistry has already taken place. Secondly, due 

to experimental jitter from the equipment, a delay of 0 ns does not exactly occur at a true delay 

time of 0 ns. The camera has a reported jitter from triggering input to optical opening of 0.15 ns. 
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Figure 41. Temporal evolution of species number densities. N₂(C) peaks early and decays rapidly, while N₄⁺ declines 

more steeply over time. 
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Finally, N2(C) has a radiative lifetime of about 39 ns. Given the previously reported quenching 

rates of N2(C) by N2 and O2, and assuming that the composition of air is in equilibrium at 500 K, 

the characteristic decay time of N2(C) due to first quenching and second spontaneous emission is 

about 1 ns. The spontaneous emission portion is what is responsible for the detectable plasma 

emission from the N2(C-B) transition.  

 

An effort was undertaken to mathematically model what the camera is capturing for the 

N2(C) species density as computed by the model. If one were to take the normalized cumulative 

sum 𝑄 of the values output by the model, you could find the timestep where the model equals 

that of the experimental data, 𝑄 = 0.65. We determined this value to be 0.195	ns. Changing our 

reference frame so that the model serves as the true delay of 0 ns, if we take the cumulative sum 

ending at the computed point where 𝑄 = 0.65 , and beginning 2 ns into the past, we find that the 

first exposure of the camera lasts from 𝑡	 = −1.806	ns	→ 0.194	ns. Now that our reference 

frames are aligned, we can continue to “take exposures” of the model data and report their 

cumulative sum. This is depicted as the purple squares in Figure 42. Therefore, according to our 
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Figure 42. A comparison of experimental excited-state N2(C) emission data with modeled data. The experimental 

data was collected with frames of width 2 ns, shown by the purple squares. The cumulative sum of the model 

function is taken in the range of each of the frames and plotted against experimental data. All values are normalized 

to the maximum value in their respective datasets.  
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model, the N2(C) emission is concurrent with the experimental data when one accounts for the 

larger timestep which the camera can capture by taking the cumulative sum of the modeled data 

in the frames for which the camera can expose.  
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CHAPTER 5: CONCLUSION 

 

 

 

The objective of this thesis was to present the experimental results and zero-dimensional 

modeling of femtosecond filaments in air at atmospheric conditions to gain an understanding of 

the chemistry occurring therein. This objective was met first in Chapter 3 where we used optical 

emission spectroscopy to collect emissive data from the filament and using a synchronized 

iCMOS camera to temporally resolve the data. The data was then processed using the plasma 

radiative code Specair and through Boltzmann fitting, a determination of the main emissive 

species was made. Further, the gas temperature of the plasma was determined. In Chapter 4, the 

chemistry that occurred to generate the short-lived species observed was simulated by the 

ZDPlasKin solver using a model that replaced electron-impact reactions with an Arrhenius form. 

The Arrhenius form was generated using a custom-built code that integrated the cross-sectional 

data of the electron-impact reactions and the electron energy distribution function to solve for the 

reaction rate constant as a function of electron temperature. The conclusions that are drawn from 

Chapters 3 and 4 are summarized in the next section. The conclusion of this chapter presents the 

future research that needs to occur to further the work outlined here.  

5.1 Summary 

Chapter 3 presents an experimental testbed used to create and analyze a plasma filament 

generated by a femtosecond laser. The data revealed an extremely short-lived emission, with the 

plasma becoming undetectable after 8 ns post-discharge. The emission was dominated by the N2 

second positive system and the N2
+ first negative system. These two species have been reported 

as the dominant emitters in other studies with similar conditions [61,63–66]. These two systems 

were determined via the global fitting Boltzmann analysis used by Specair. This fitting process 

allowed us to resolve the relative populations of each of the two dominant systems as a function 
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of time. This revealed a unique behavior in which the relative populations of both species 

increased at a delay of 2 ns relative to the time when the filament was first detectable by the 

camera. To try and understand the behavior, chemical kinetic pathways were considered for the 

formation of N2(C) and N2
+(B). For N2(C), one formation scheme was the formation via N4

+ 

dissociation. N4
+ forms from the associative combination reaction of N2 and N2

+ and is discussed 

in [63,67,68]. The second proposed mechanism was the result of an intersystem crossing assisted 

by an electron collision. In this method, a single state of N2 gets excited to N2
* which then 

interacts with an electron to become excited up to N2(C) as discussed in [69–71]. The third 

proposed mechanism was a direct electron excitation up from the ground state of N2(X) to N2(C) 

[66,72–74]. The fourth mechanism that could cause the delayed population increase is the N2(A) 

pooling reactions which form N2(C) [77].  

For N2
+(B), the formation mechanism was equally unambiguous. It is thought that N2

+(B) 

could be formed via MPI and tunnel ionization of the inner-valence electrons attached to N2 

[61,67,70,75,76]. Equally valid is the assumption that N2
+(B) comes from direct electron 

excitation, similar to the third method proposed for N2(C), but from N2(X) [73] or N2
+(X) [68]. 

Further, the gas temperature was able to be inferred from the rotational temperature 

calculated due to the rotational-translational relaxation event occurring faster than the 

characteristic emission time for the two dominant species. It was found that the gas temperature 

was 500	±	100 K.  

Chapter 4 outlines a chemical kinetics model that was generated to be used by the zero-

dimensional plasma kinetics solver ZDPlasKin in lieu of using BOLSIG+ to solve for the 

reaction rate constants of electron impact reactions. Arrhenius form equations were derived that 

integrated the cross-sectional data of electron-impact reactions with the electron energy 
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distribution function to generate discrete value for the reaction rate constant. The Arrhenius form 

of the reaction rate constants were used as inputs for the femtosecond laser-induced plasma 

simulations. These inputs were coupled with reaction rates proposed by Capitelli et. al. and 

Ivanov et. al. to complete the model [68,101].  

These simulations produced time-dependent species densities as well as a sensitivity 

analysis, allowing the determination of the reaction pathways involved in generating those 

species. Particularly of interest was the formation and destruction mechanisms for N2(C) which 

dominated the emission of the data found in Chapter 3. The proposed mechanisms in Chapter 3 

were integrated into the model, and it was found that N2(C) formation comes from an initial 

formation via direct electron excitation up from the ground state of N2(X) in the first 2 

picoseconds after the pulse. Concurrently with this reaction, the formation of N4
+ was occurring 

via associative combination of N2 and N2
+. The stability of this molecule is very low, so it 

dissociates into N2(C) and N2 very quickly and becomes the dominant formation mechanism for 

the N2(C) species lasting into the first nanoseconds. N2(C) is destroyed by quenching via O2 

primarily, N2 secondarily, and deexcited down to N2(B) ternately. It is this tertiary destruction 

method that provides the plasma emission detectable by our hardware. The time-resolved species 

density of N2(C) along with other molecules relevant to its reaction pathway were plotted, and 

the density of each species matched the logic behind the mechanisms determined. The N2(C) 

species density was also compared to the experimental work done. When the camera exposure 

was simulated as the cumulative sum of the density of the N2(C) population as a function of time, 

it was found that the model agrees well with the experimental data captured. 
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5.2 Future Work 

The future work needed to advance what was found in this thesis will involve both 

experimental and modeling improvements. Improvements to the modeling work will involve 

improving the current mechanism to include the formation of N2
+(B). Whilst we have shown 

experimentally that N2
+(B) exists within the plasma on the same timescales as N2(C), the 

modeling of N2
+(B) requires the inclusion of a detailed model of N2(X) with vibrational levels 

greater than five, which is currently lacking in our model. Further, we assumed a Maxwellian 

distribution in order to calculate our EEDF generally for all reactions. The formation 

mechanisms which cause the filament to form involve rapid energy deposition and could lead to 

non-thermal equilibrium plasmas. This comes from the low electron density in the plasma and 

the dominant ionization mechanisms being multiphoton ionization and electron tunneling. 

Because of this, the EEDF should be measured directly or estimated numerically using a non-

Maxwellian method.   

Experimentally, others will need to use laser scattering methods to quantify the gas 

temperature of the filament to reinforce the determination made through Boltzmann analysis. 

One method that could work for this is Rayleigh scattering. Rayleigh scattering could also 

provide insights into the electron density in the filament, while Thomson scattering could 

quantify the electron temperature. Both of these methods provide a non-intrusive way to 

optically diagnose the properties of the filament. Through careful experimental procedures, it is 

possible to use Rayleigh scattering to determine densities [10]. Incoherent laser Thomson 

scattering (LTS) can be employed into our system with a Nd:YAG laser at 532 nm transverse to 

the filament. Work has already been done by others in our group for the LTS study of electron 

properties of a laser-induced plasma from a single pulse of an Nd:YAG at 1064 nm, 10 ns, and 

25 mJ. The results of this illustrative study were able to determine the electron density and 
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temperatures by fitting a synthetic spectrum to the experimental results obtained from LTS using 

a Salpeter form-factor approximation [108–110]. Adding time resolution to those measurements 

was also possible by implementing an ICCD camera system. It has been demonstrated in the 

literature that the spatial resolution of such plasmas is also possible within ~100 μm, radially and 

axially [111]. 

 

5.3 Concluding Thoughts 

This thesis comes at a moment in time when the focus and attention on femtosecond 

filaments could lead to their utilization in industry. I feel honored to be able to contribute in a 

small way to gaining an understanding of the chemical kinetics that occur with these filaments 

and to be able to participate in research in a field that is ripe with opportunities to improve 

combustion, aerospace, and laser diagnostic fields. I hope that the contributions that I have made 

with the work I have presented here will be found useful and that it will help others to continue 

to push forward and advance our knowledge of the universe around us.  
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