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ABSTRACT 

ZUFFI, A. V. F. Creation and spatial-temporal characterization of gas targets and plasmas 

for laser-electron acceleration. 2023. 147 p. Thesis (PhD in Sciences) – Nuclear and 

Energy Research Institute – IPEN-CNEN, São Paulo.   

 

 The acceleration of electrons by lasers is a technique that has been gaining 

importance all over the world in recent years due to its potential to decrease the size and 

complexity of accelerators, favoring the diffusion of this technology to conventional 

laboratories, with the inevitable emergence of new science and applications. The High 

Intensity Ultrashort Laser Pulses Laboratory at IPEN has been working to implement the 

first laser-electron acceleration infrastructure in Brazil and Latin America. For this 

purpose, we are currently focusing efforts on different challenges, ranging from the 

creation and characterization of micrometric gaseous targets and laser-induced plasmas 

for particle acceleration, to the upgrade of a laser system to achieve the needed peak 

powers. This PhD thesis explores a significant portion of these challenges, starting with 

the fabrication of micrometric de Laval nozzles by ultrafast laser micromachining in 

alumina, to generate laser targets in the form of supersonic gas jets in vacuum. Nozzles 

were manufactured in a home-built trepanning setup, and their geometry and surface 

quality dependence on the laser and machining parameters were studied, resulting in 

fabrication protocols that create de Laval nozzles capable of generating supersonic jets 

used as targets for laser-plasma interactions. To diagnose the micro-jets and the plasmas, 

a time-resolved Mach–Zehnder-like interferometer was developed, built, and coupled to 

a pump-probe setup to study the plasma dynamics with femtosecond resolution. In this 

setup, density profiles of gas jets and laser-induced plasmas were measured with a spatial 

resolution of a few micrometers. In addition, a detailed study of the laser-induced plasma 

evolution in air was conducted from tens of femtoseconds to hundreds of picoseconds, in 

which plasma formation, impact ionization, and electron recombination were 

investigated, using algorithms and softwares developed by our group. This diagnostic 

setup proved to be reliable to characterize the density gradients of micrometric laser-

induced plasmas, becoming a permanent setup for further laser-electron acceleration 

developments at IPEN. 
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RESUMO 

ZUFFI, A. V. F. Criação e caracterização espaço-temporal de alvos gasosos e plasmas 

para aceleração de elétrons por laser. 2023. 147 p. Tese (Doutorado em Ciências) – 

Instituto de Pesquisas Energéticas e Nucleares – IPEN-CNEN, São Paulo. 

 

A aceleração de elétrons por lasers é uma técnica que vem ganhando importância 

em todo mundo nos últimos anos devido ao seu potencial de reduzir o tamanho e a 

complexidade de aceleradores, favorecendo a difusão desta tecnologia para laboratórios 

convencionais, com o inevitável surgimento de nova ciência e aplicações. O Laboratório 

de Lasers de Pulsos Ultracurtos de Alta Intensidade do IPEN vem trabalhando para 

implantar a primeira infraestrutura de aceleração de elétrons por laser no Brasil e na 

América Latina. Para este propósito, atualmente estamos concentrando esforços em 

diferentes desafios que vão desde a criação e caracterização de alvos gasosos 

micrométricos e plasmas induzidos por laser para a aceleração de partículas, até a 

melhoria de um sistema de laser para atingir as potências de pico necessárias. Esta tese 

de doutorado explora uma parte significativa desses desafios, começando com a 

fabricação de bocais de de Laval micrométricos por microusinagem de alumina por laser 

de pulsos ultracurtos, para gerar alvos para o laser na forma de jatos de gás supersônicos 

em vácuo. Um sistema de trepanação a laser foi construído no laboratório para a 

fabricação de bocais, e a dependência de sua geometria e qualidade da superfície com o 

laser e os parâmetros de usinagem foram estudados, resultando em protocolos de 

fabricação que criam bocais de de Laval capazes de gerar jatos supersônicos usados como 

alvos para interações laser-plasma. Para diagnosticar os microjatos e os plasmas, um 

interferômetro resolvido no tempo do tipo Mach-Zehnder foi desenvolvido, construído e 

acoplado a um arranjo bombeio-prova para estudar a dinâmica do plasma com resolução 

de femtossegundos. Nesta configuração, perfis de densidade de jatos de gás e de plasmas 

induzidos por laser foram medidos com uma resolução espacial de alguns micrômetros. 

Adicionalmente, um estudo detalhado da evolução do plasma induzido por laser no ar foi 

realizado de dezenas de femtossegundos a centenas de picossegundos, no qual a formação 

de plasma, ionização por impacto e recombinação de elétrons foram investigados 

utilizando algoritmos e softwares desenvolvidos pelo nosso grupo. Este sistema de 

diagnóstico provou ser confiável para caracterizar os gradientes de densidade de plasmas 
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micrométricos induzidos por laser, tornando-se um arranjo permanente para futuros 

desenvolvimentos de aceleração de elétrons por laser no IPEN. 

 

Palavras-chave: microusinagem por laser de pulsos ultracurtos, interferometria resolvida 

no tempo, algoritmos de recuperação de densidade, interações laser-plasma, aceleração 

por campo de rastro 
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1 INTRODUCTION 

 Particle accelerators are among the largest machines built by humans, being the 

main tools for elementary particle research since their creation in 1932[1, 2]. These 

conventional particle accelerators use radio-frequency (RF) electromagnetic fields to 

propel charged particles at speeds close to that of light and to confine them in well-defined 

beams[3, 4]. The control of the quality of these beams (particle kinetic energy, bunch 

duration, and spatial properties such as divergence) is fundamental to their applications, 

which, for big accelerators, may include high-energy physics in colliders like the LHC[5] 

and the RHIC[6], and synchrotron light generation like in the Sirius[7], for investigations 

in condensed matter physics. For small accelerators, the applications can be particle beam 

diagnostics, medical therapies, and the production of radioisotopes for nuclear medicine 
[8, 9, 10], among others. However, due to the maximum electric fields on the order of 

100 MV/m limited by the breakdown of the accelerator materials, those conventional 

accelerators can reach kilometers in length or in circumference, as exemplified by the 

LCLS in Figure 1.1a, being machines of high maintenance, complexity, and costs. Thus, 

there has always been a search for new acceleration technologies, and recently, particle 

acceleration driven by lasers has been growing rapidly in the scientific community[11, 12].  

 
Figure 1.1 – (a) Aerial view of the 3.2 km LCLS in Stanford, capable of accelerating electrons up to 

50 GeV. (b) Plasma produced by a high-intensity laser pulse incident on a gas jet. The length of 

the accelerating structure in this plasma is 4 mm and supports over 100 GV/m fields. 

Source: Adapted from PATHAK, N. C.[13]. 

 Plasma-based particle acceleration was originally introduced in 1979 by Tajima 

and Dawson[14], when they proposed that laser-induced plasmas could sustain 
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acceleration fields over 100 GV/m, three orders of magnitude higher than in RF 

accelerators. This increase provided a way to reduce the size of accelerators from the km 

to the laboratory scale, as shown in Figure 1.1b, representing a revolution for the use of 

such beams in many applications[15]. For decades, this kind of acceleration has been 

pursued by different approaches[16, 17, 18], and in 2004 an important breakthrough occurred 

when three distinct groups accelerated electrons to energies above 100 MeV in quasi-

monoenergetic (QME) beams, with charges greater than 100 pC, and low beam 

divergence[19, 20, 21] by laser wakefield acceleration (LWFA). In this technique, high-

intensity laser pulses (>1017 W/cm2, typically) are focused on a gaseous target in vacuum, 

creating a plasma region with a wave pattern of charge density, the so-called wakefield[19, 

22]. This region is established, initially, by the gas laser-induced ionization followed by 

the action of the ponderomotive force originated by the spatial gradient of the laser 

intensity[23, 24], which moves the charges away from the laser intensity peak. As a result 

of this force, the electrons are moved transversely away from the pulse propagation axis, 

and are then attracted to the axis by the positive charges that remained there. These 

dynamics can establish, temporarily, a periodic net charge distribution along the pulse 

propagation axis[22]. This charge arrangement moves with the laser pulse close to the 

speed of light and works as a plasma accelerator channel (wakefield channel), capable of 

accelerating electrons.  

To accelerate the electrons, they must be injected (or self-injected)[25, 26, 27] into 

the wakefield channel, and when this occurs at the appropriate time, they are trapped in 

regions with a high charge gradient and gain energy from the wakefield. These electrons 

are accelerated in bunches carried by the plasma waves and can reach kinetic energies 

over a few GeV[28, 29, 30] in tens of centimeters, grouped into bunches with tens of 

femtoseconds duration, with a total bunch charge between fC and nC[31] and a few percent 

energy dispersion,  with divergence under 1 mrad, and current peaks of each bunch 

exceeding hundreds of amperes[32, 33, 34]. 

 The breakthroughs in 2004 boosted new joint efforts in the high-intensity laser 

and accelerator communities (ICFA-International Committee for Future Accelerators)[35], 

and within these developments, in 2016 the North American Department of Energy 

published a report[36] pointing the direction of using lasers to accelerate particles to high 

energies in compact systems. Thus, several laser systems of this type have been developed 

and currently generate bunches of electrons and/or of ions (subsequently accelerated). 

The interaction of these particles with matter allows the development of tunable, compact 
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sources of high-energy ionizing radiation[37], which are already being used in new 

imaging techniques[38]. Other research applications of laser particle accelerators are the 

production of isotopes for medicine[39, 40], protontherapy, hadron therapy[10, 41], and fast 

ignition in fusion targets[42, 43]. 

 Many of the LWFA approaches for accelerating electrons up to GeV use the 

blowout regime[44, 45, 46], in which the laser pulse length is close to the plasma wavelength, 

in a resonance condition. However, this approach requires laser pulses with peak powers 

in the range from 10 TW to 1 PW (duration of tens of femtoseconds and energies from a 

few hundred mJ to tens of J), and low-density plasmas (with electron densities 

�6 <1018 cm-3). Those laser systems usually have several amplifiers (CPA or OPCPA) 

that, to avoid detrimental effects from high thermal charge, operate at low repetition rates 

(few Hz or lower), which is inadequate for most practical applications. On the other hand, 

Ti:Sapphire systems able to generate a few TW pulses at ~kHz repetition rates are widely 

available in many laboratories[47], and they have been presented as an alternative to 

acceleration by LWFA in the blowout regime using laser pulses of a few cycles (~fs), and 

high-density plasma waves (�6 >1019 cm-3). Although this approach presents electrons 

bunches with energies limited to tens of MeV[48], since the high-density plasma reduces 

the acceleration length to lesser than a few hundred micrometers due to the electron 

dephasing length[33], many applications that require scanning, matter probing, 

radioisotope production, among others[49, 50], become viable on this energy range and 

repetition rates. However, the post-compression of laser pulses to a few fs and its 

propagation, present additional challenges that involve the energy losses in the spectral 

broadening[51], high group velocity dispersion (GVP)[52, 53], and carrier-envelope phase 

(CEP) stabilization[52, 54]. 

 Another alternative to generate MeV electron bunches with peak powers of a few 

TW at kHz operation rates is the self-modulated LWFA (SM-LWFA) regime[55, 56, 57], with 

the additional advantage of not requiring laser pulse compression to a few fs in contrast 

to the LWFA using few cycle pulses. The SM-LWFA can generate bunches with a total 

charge in the nC range (two orders of magnitude higher than LWFA)[58, 59], which makes 

these bunches attractive for applications where a high dose of radiation is required[59, 60, 

61]. Promising results showed recently the possibility of accelerating electron bunches to 

MeV using a laser with peak powers as low as 40 GW and pulse energy of ~1.3 mJ[62]. 

This regime differs from the conventional LWFA by using high densities  

(�6 >1019 cm-3) and long pulses (tens to hundreds of fs), outside the resonance condition. 
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When a pulse propagates through the plasma, its leading edge undergoes stimulated 

Raman backscattering[63], while the pulse peak undergoes a stimulated Raman forward 

scattering[64] and self-modulation[65, 66], longitudinally modulating itself and creating a 

train of laser micropulses at the plasma period, as illustrated in Figure 1.2. This establishes 

a new resonance condition, in which the plasma waves, and, consequently, the 

accelerating fields, are enhanced. Additionally, the SM-LWFA regime also helps the 

electron injection by the self-focusing mechanism, leading to an increase in laser intensity 

that favoring ionization. 

  
Figure 1.2 – Evolution of the laser pulse and plasma density in SM-LWFA. The laser pulse is 

modulated, creating a train of laser micropulses resonant with the high-density plasma wave. 

Source: Adapted from MALKA, V.[67].  

Besides Ti:Sapphire laser systems, there has been significant progress in fiber[68] 

and diode-pumped solid-state laser systems[69] that generate sub-TW pulses, with 

hundreds of femtoseconds, and up to tens of kHz repetition rates. Those systems together 

with the SM-LWFA regime may be the key to making laser-plasma acceleration more 

practical and enabling numerous applications. However, at this moment the SM-LWFA 

has not been able to produce electron bunches as collimated and as monoenergetic as the 

ones from LWFA, but relativistic energies have already been reported[62].  

 To generate optimal electron bunches (energies up to tens of MeV, quasi-

monoenergetic and low divergence) in the SM-LWFA regime, or even in the LWFA with 

few-cycle pulses, submillimetric and flat-top gaseous targets with well-defined high-

densities regions are usually required[50, 70, 71, 72]. A simple way to create this kind of target 

is by using supersonic gas jets generated by de Laval nozzles[50], expanding in a vacuum. 

These jets are pulsed synchronously with the laser shots[73], and their well-defined edges 

ensure that the ionization and wakefield formation only occurs in the region of high gas 

density, preventing losses of laser pulse energy[74].  
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 The typical de Laval (or converging-diverging) nozzle geometry is illustrated in 

Figure 1.3. In this kind of nozzle, a high-pressure gas in the backing chamber originates 

a flow, which is subsonic in the nozzle converging section, compressing the gas passing 

the throat, through the diverging section where the gas axial velocity progressively 

increases due to a free expansion and after the exit exhausts into the vacuum environment 

as a supersonic jet[70, 71]. Although de Laval nozzles are employed in many different 

applications, they have been poorly investigated at the micrometric scale, being mainly 

explored in the context of micro-thrusters for small-scale spacecraft[75, 76] and, only 

recently, in laser-plasma experiments in the LWFA scope[77, 78]. 

 
Figure 1.3 – Schematic geometry of a de Laval nozzle. Blue lines represent the conversion of the 

gas flow from the subsonic to the supersonic regime through the nozzle converging-diverging 

sections. 

Source: By the author. 

 Once the supersonic gas jet is created by the de Laval nozzle, its diagnosis, as well 

as the characterization of the laser-induced plasma in it, is essential for a better 

understanding of the laser-plasma interaction dynamics in LWFA. Currently, one of the 

main problems limiting the laser-plasma accelerators to reach higher energies and 

currents are the instability and reproducibility of the electron bunches quality[79], which 

may come from the dynamics of either the wakefield formation or the electron injection 

mechanism. Several groups have been studying this problem[80, 81, 82], and they are 

working on improvements in the control of the experimental parameters (increased laser 

operating stability, target reproducibility, etc.). For high repetition rate regimes, such as 

SM-LWFA, these requirements are even more strict than for low repetition rates or single-

shot systems, since the demand for practical applications is greater, and maintaining good 

operation stability for intervals smaller than milliseconds should be a challenging task[72]. 

In this scope, the urging for reliable diagnostic tools, especially those which respond in 

the timeframe of the pulse duration has been drawing increasing attention[83, 84, 85], as well 
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as statistical methods to assist the experiments[86, 87, 88]. A large part of the effort to have 

a laser-plasma accelerator installation running is devoted to diagnostic systems, which 

are critical for a reproducible daily operation[89]. Approximately 10% of the budget of any 

accelerator is devoted to diagnostics, which are essential to control the experimental 

parameters. Several non-disturbing optical methods can be used to characterize the gas 

jet, the laser-induced plasma, and the electron bunches[56]. These techniques include 

interferometry[90], Schlieren imaging[91], spectroscopy[92], and fluorescence 

measurements[56], among others. 

 Interferometry is a very accurate technique capable of quantifying very small 

optical path differences, and therefore, suitable for measuring density variations in 

gaseous targets, and laser-induced plasmas[89, 93, 94]. Additionally, in the SM-LWFA 

regime, usually, the laser pulses are tightly focused (close to the diffraction limit) in a 

thin gaseous target, limiting the plasma region, and, consequently, the wakefield to tens 

of μm, demanding a highly accurate technique. From an interferometry measurement 

(interferogram), the phase-shift accumulated by a laser beam propagating through a gas 

jet or plasma can be extracted, and consequently, their density distribution can be 

determined. While a continuously flowing gas target can be diagnosed by CW 

interferometry, to analyze a laser-induced plasma, time-resolved techniques are 

required[89] due to the short plasma formation time and excited ions fast decay[95], which 

would fade the signal in CW techniques due to the extremely small duty-cycle. In this 

scope, the interferometry made with femtosecond temporal resolution is a powerful 

diagnostic tool for LWFA (and SM-LWFA), since this technique can characterize the 

gaseous target (continuous or pulsed flow)[96], and also laser-induced plasmas[93, 97, 98] 

during the wakefield formation and electron acceleration process[99]. 

 In light of this encouraging scenario, many groups worldwide have been pursuing 

advances in the LWFA field and other plasma acceleration schemes, from institutions 

across North America, Europe, and Asia[100]. In Latin America, our research group has 

worked to pioneer the implementation of a laser-plasma accelerator at the Nuclear and 

Energy Research Institute (IPEN-CNEN)[101, 102, 103]. The main goal of this proposal is to 

produce electron bunches with energy up to tens of MeV by the SM-LWFA regime. Those 

electrons would be able to generate γ-radiation by bremsstrahlung[104, 105], with enough 

energy to induce the photonuclear reaction 100Mo (γ, n) 99Mo, as a future application[106] 

for the production of radiopharmaceuticals. This alternative for radioisotope generation 

could have a big impact on Brazil, which spends, annually, an estimated US$ 15 million 
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for importing the 99Mo[107] isotope. In addition to this benefit, this project opens up a range 

of other applications within medicine, such as protontherapy[108] and very high energy 

electron (VHEE) therapy[109, 110].  

Particle-in-cell (PIC) simulations have been showing us the possibility to generate 

tens of MeV electron bunches by SM-LWFA, using TW or sub-TW laser pulses and 

gaseous targets with submillimetric dimensions[58, 111, 112, 113, 114]. In addition to 

computational PIC simulation support, we are currently focusing efforts on several 

developments required for a LWFA installation, such as a source of high-peak-power 

laser pulses[115], proper gaseous and plasma target creation[116, 117], and development and 

implementation of diagnostic tools to assist and monitor the experiments[118, 119].  

 During this PhD, I worked on the development of techniques to manufacture 

micrometric de Laval nozzles by ultrafast laser micromachining[116, 120]. We established a 

methodology to manufacture high-quality de Laval nozzles by ultrashort laser pulses 

trepanning on alumina substrates (Al2O3), a dielectric ceramic. This strategy has been 

producing nozzles that originate supersonic jets with interaction lengths of 100 µm and 

longer. Those nozzles also were explored in some laser-electron acceleration experiments 

conducted at the Extreme Light Laboratory (ELL) at the University of Nebraska-Lincoln 

(UNL), with which our research group has a cooperation agreement[121]. Furthermore, I 

worked on the development of a new time-resolved Mach–Zehnder-like interferometer 

coupled to a pump-probe setup capable of diagnosing transient phenomena in gaseous 

targets and laser-induced plasmas on the femtosecond scale[118, 122, 123]. The development 

and implementation of this interferometer have provided useful information about the 

submillimetric gas jets created by the laser micromachined nozzles, and the plasma region 

created into the gaseous target. Lastly, the implementation of this interferometer in a 

vacuum environment, where the SM-LWFA studies will be conducted, was also a PhD 

goal. This step aims to establish a permanent diagnostic setup in the future laser electron 

acceleration installation at IPEN. 

1.1 Thesis outline 

This thesis has been structured in the following way: 
 

Chapter 1: provides an introduction to laser-based plasma accelerators, exploring the 

scientific context, competitiveness over conventional accelerators, and the evolution of 
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this technology. Moreover, the motivation for starting a laser electron acceleration 

installation in Brazil (IPEN) and its challenges are explored, thereby connecting the PhD 

aims to this goal. 
 

Chapter 2: reviews the theoretical background on laser-plasma interactions. Topics 

include basic ionization mechanisms, interaction dynamics between a laser pulse and a 

single electron, the collective plasma response to a laser pulse, and a description of 

electron acceleration mechanisms. Although no LWFA (or SM-LWFA) outcomes are 

presented in this thesis, the topics discussed in Chapter 2 are the theoretical basis for the 

laser-plasma acceleration field, therefore they were chosen to compose this chapter. 
 

Chapter 3: motivates the discussion about PIC simulations since it is a lead-off to 

establishing the aims of this PhD, and therefore the further experimental activities 

discussed in the next chapters. Section 3.1 presents a brief introduction to PIC algorithms 

in general, as well as the specific code of azimuthal Fourier decomposition used by our 

research group. Section 3.2 summarizes simulation results, demonstrating the viability to 

generate MeV electron bunches by SM-LWFA from laser parameters that could be 

achieved at IPEN. 
 

Chapter 4: addresses to discuss the two high intensity laser systems available in our 

laboratory. Section 4.1 describes the T-cube laser system, which is undergoing an upgrade 

to implement a second amplifier stage to reach a laser peak power of about 1 TW enough 

to conduct SM-LWFA experiments. Section 4.2 describes the Femtopower laser system, 

which was the system used in the experimental activities discussed in this thesis.  

Chapter 5: dedicated to micrometric Laval nozzles, which are required to generate the 

gaseous target according to simulation results. Section 5.1 describes a simple model for 

de Laval nozzles capable to generate supersonic gas flows. Section 5.2 and the ultrafast 

laser micromachining technique used for producing our homemade micrometric de Laval 

nozzle. Section 5.3 discusses the characterization of manufactured de Laval nozzles by 

optical profilometry and scanning electron microscopy.  
 

Chapter 6: dedicated to interferometric diagnostic of the typical targets in LWFA 

experiments. Section 6.1 discusses in detail the steps involved in analyzing the 

interferograms to obtain the gas jet or laser-induced plasma density profiles and presents 

a homemade software developed by our group to retrieve those targets. Section 6.2 

addresses the development of a CW interferometer setup in atmosphere capable to 

diagnose the supersonic gas jets generated by our laser micromachined nozzles. Section 
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6.3 shows the development of a time-resolved Mach-Zehnder-like interferometer coupled 

in a pump-probe setup to diagnose the evolution of gas jets as well as laser-induced 

plasmas. The setup assembled firstly in atmosphere leads to an interesting investigation 

of the laser-induced plasma formed in air, also discussed in this section. Section 6.4 

discusses the implementation of the time-resolved Mach-Zehnder-like interferometer 

inside a vacuum chamber to diagnose the desired targets for future laser-electron 

acceleration studies at IPEN, which is the first step to establishing a diagnostic tool for 

further LWFA target characterizations. 
 

Chapter 7: concludes and summarizes the work done in this thesis and provides an 

outlook into how these outcomes can be utilized to benefit the future experiments aimed 

at by our research group at IPEN. 
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2 THEORY OF LASER-PLASMA INTERACTIONS  

 In this chapter, the fundamental theory involving laser-plasma interactions in the 

LWFA scope is reviewed. The principal references for this chapter include the textbook 

by Paul Gibbon[124], and the PhD thesis by Ajay Kawshik Arunachalam[125], by Alexander 

Sävert[126], Jinpu Lin[127], and Ralph Jung[128]. 

2.1 Ionization mechanisms 

 Ultrashort pulses from Ti:Sapphire (Ti:Al2O3) lasers have a photon energy around 

1.55 eV, which is smaller than the amount required for the direct first ionization of usual 

LWFA gaseous targets, such as helium (24.6 eV) and nitrogen (14.5 eV). Nevertheless, 

at sufficiently high intensities, nonlinear effects become relevant and the interaction with 

multiple photons or the strong laser field can promote the ionization. With a photon 

density comparable to the atomic or molecular density of the gaseous target, the 

probability that multiple photons are absorbed by a single atom or molecule becomes non‐

negligible. For that, short‐lived virtual electronic states can be created with a lifetime in 

the order of the pulse duration, given by Heisenberg’s uncertainty[126] for transitions in 

the visible and near UV range. This process is called multi‐photon ionization (MPI), as 

illustrated in Figure 2.1a, and can be described by perturbative nonlinear optics[129], since 

the laser field is weak compared to atomic potential, and does not distort it. The electron 

also can absorb more photons than required for ionization and leave the atom with net 

kinetic energy, a process known as above threshold ionization (ATI). 

 
Figure 2.1 – Nonlinear ionization mechanisms: (a) multi-photon ionization (MPI) and above 

threshold ionization (ATI), (b) tunnel ionization (TI), (c) barrier suppression ionization (BSI). 
The Coulomb potential is represented by �(�) (black solid line) and the laser field potential 
represented by �S(�) (dashed pink line).  

Source: Adapted from SÄVERT, A.[126]. 
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 At higher laser intensities, its electric field exceeds the binding potential of the 

electron, and the process can no longer be treated by the perturbative theory. At these 

intensities, the dominant ionization mechanism is tunnel ionization (TI), in which the 

electron tunnels through the potential barrier resulting from the Coulomb potential 

modified by the laser field, as shown in Figure 2.1b. The threshold between MPI and TI 

can be estimated by the Keldysh parameter[130], wx, given by: 

 wx = kOF6 LP L�QQ6a P�L
?6]OP` P\ aDH6] \O6a` ≈ � ℰ���

n ��,��� , (2.1) 

where ℰOPQ is the atom ionization energy for a specific state, and �V,FDG is the maximum 

ponderomotive potential, which is the electron quiver energy averaged over one 

oscillation period, and can be expressed, in eV, by: 

 �V,FDG[eV] = 9.33 × 10¤m¥(XS[W/cmn] �Sn[μm]), (2.2) 

where XS and �S are the laser intensity and its wavelength, respectively. MPI dominates 

for wx > 1, which corresponds to high ionization energies and/or low laser intensities, 

whereas TI dominates for wx < 1, which corresponds to low ionization energies and/or 

high laser intensities. Meanwhile, the ratio expressed by (2.1) is only valid as long as the 

laser field is less than the Coulomb potential. For even higher intensities, the Coulomb 

potential is extremely distorted by the laser field, becoming smaller than the binding 

energy and the electron can be freed spontaneously, a process called barrier suppression 

ionization (BSI), which is a limit case of TI, as illustrated in Figure 2.1c. The threshold 

laser intensity for BSI, X4Z[, can be estimated by setting the Coulomb potential equal to 

the ionization potential[126, 131]: 

 X4Z[[w/cmn] ≈ 4.0 × 10­ ℰ���® [¯°]
±² , (2.3) 

where Z is the atom ionization state. Although the BSI model presents satisfactory 

agreement with experimental results[131, 132, 133], mainly for simple gaseous species, more 

accurate ionization rates can be estimated using more complex approaches from the finite 

laser pulse duration and 3D shape of the atom or molecule[126].  

 Once the laser field ionizes electrons from atoms, the freed electrons can collide 

with ions and ionize them to release more electrons. This process is called impact 

ionization (or collisional ionization), causing an avalanche effect[127, 134]. This thermal 

process occurs for times longer than the ultrashort pulse duration. However, for a high 
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target density or long pulse duration, there will be enough collisional events such that 

impact ionization can dominate over the laser ionization mechanisms[123]. 

2.2 Laser pulse and single electron interaction 

 To understand the interactions between a high-intensity laser pulse and a plasma, 

it is worth examining what happens to a single electron in the presence of the laser field. 

Although the laser pulses can be approximated by Gaussian profiles both in the spatial 

and temporal domains, once they are focused to reach high intensities, in the focal region 

they can be considered to be a plane wave for many applications[126]. Therefore, assuming 

1D plane waves for the laser near the focus, a single electron driven by the Lorentz 

force[124] obeys: 

 
`�
`L = `

`L (w656³´) = −	(� + ³´ × �), (2.4) 

where � and � are the laser electric and magnetic fields, respectively, 	 is the elementary 

charge, � is the electron momentum, 56 is the electron mass, ³´ is electron velocity, and 

the Lorentz factor is w6 = 1/·1 − ³ń/0n, with 0 as the speed of light in vacuum. 

Moreover, the fields � and � can be expressed by the vector potential ¸ and the scalar 

potential � as: 

 � = − ¹¸
¹L − º�, (2.5) 

 � = º × ». (2.6) 

Using the vector potential ̧ and considering the absence of field sources (� = 0), 

equation (2.4) can be rewritten to the form:  

 
`�
`L = ¹�

¹L + (³´ ∙ º)� = −	 ½³´ × º × ¸ −  ¹¸
¹L ¾ = −	 ¿º(³´ ∙ ¸)  −  `¸

`L À, (2.7) 

which is explored in the next session for two cases: non-relativistic and relativistic 
electrons.  

2.2.1 Non-relativistic case 

 When the electron velocity is much smaller than the speed of light (�6 ≪ 0), the 

contribution of the magnetic force is negligible compared to the electric one, expressly 
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|³´ × �| ≪ |�|. This is the classical limit (w6 ≈ 1) in which the equation (2.7) can be 

reduced to: 

 
`�
`L = 	 `¸

`L  ⇒  56 `³´
`L = 	 `¸

`L . (2.8) 

 Assuming an electron at rest at the origin, at # = 0, its velocity and displacement 

can be obtained by making the ansatz ¸ = <:sin (3:� − �:#)�Ç, a linear polarized plane 

wave propagating along the �-axis with central wave number 3: and central frequency 

�:. Integrating equation (2.8) in time, results in: 

 ³´ = 6ÈÉ
F� sin(3:� − �:#) �Ç, (2.9) 

 � = 6ÈÉ
ÊÉF� [1 − cos(3:� − �:#)] �Ç. (2.10) 

 Both equations (2.9) and (2.10) demonstrate the motion of the electron (or quiver 

motion) as a harmonic oscillation along the � direction centered around 	<:/�:56, while 

its position in the � direction remains unchanged. The electron displacement has a phase 

of π relative to the applied � field (laser), as shown in Figure 2.2, whereas its velocity is 

Ì/2 out of phase . 

 
Figure 2.2 – Normalized relation of phase between Electric Field (�), electron velocity (�6) and 

electron transverse position (�) in a non-relativistic laser field.  
Source: By the author. 

2.2.2 Relativistic case 

 At laser intensities close to 1018 W/cm2, at which the electrons velocities approach 

the speed of light (�6 � 0), the magnetic force becomes comparable to the electric force, 
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and the electron dynamics become nonlinear. At this moment, the normalized vector 

potential Í is commonly introduced, and its laser strength parameter (dimensionless 

amplitude) 
: can be related to the laser intensity XS in the following way:  

 XS = m
n 9:0�:n = 2Ìn9:0Î ½F�DÉ

6ÏÐ ¾n  ⟹  
: = �[Ð�Ò/EF²��ÏÐ�ÓF��²
m.ÔÕ ×m:Ö× , (2.11) 

where 9: is the vacuum permittivity and �: is the laser electric field amplitude. For 


: = 1, the electron kinetic energy gained from the laser field is equal to electron rest 

energy and, therefore, for 
: ≥ 1 the electron quiver motion becomes relativistic. 

Applying equation (2.11) is a common way to determine whether the laser field is 

relativistic. For a typical Ti:Sapphire laser system (�S = 0.8 µm), 
: = 1 is reached at a 

laser intensity XS = 2.1×1018 W/cm2. 

 In the relativistic approach, the � field and the Lorentz factor (w6 < 1) cannot be 

disregarded, and the equation for the motion of the electron, (2.7), is kept in its complete 

form: 

 
`�
`L = `

`L �w656³´� = −	 ¿º�³´ ∙ ¸�  −  `¸
`L À. (2.12) 

For a plane wave, the condition 
¹

¹G ��p<:� = ¹
¹~ ��p<:� = 0 is valid for transverse 

components. Thus, it follows that 
`

`L �G = 	 `È
`L , which can be integrated with the first 

invariant �m: 

 �G − 	< = �m, (2.13) 

where �G is the electron transverse momentum. Furthermore, using the equation (2.12) to 

analyze the electron longitudinal momentum, �f, conducts to the second invariant �n, 

given by: 

 
`VÙ
`L = 560 `Ú�

`L  ⇒  w6 − VÙ
F�E  = �n, (2.14) 

where �6 � 0 was assumed due to the relativistic regime. For an electron initially at rest 

at the origin, the constants �m and �n are equal to 0 and 1, respectively. Thus, from the 

equations (2.13) and (2.14) the following can be reduced: 

 �G = 	<, (2.15) 

 ℰR = 560n�w6 − 1� = �f0 = m
n 

V�²
F�E. (2.16) 
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 Equations (2.15) and (2.16) are the two conservation laws for the electron motion: 

the transverse momentum �G and the kinetic energy ℰR [126]. Using the new ansatz 

Í = 
:sin �3:� − �:#��Ç, with the normalized potential vector amplitude defined as 
: =
 	<:/560n, and in the co-moving reference frame (! = # − �/0), the equations (2.15) 

and (2.16) can be integrated to obtain the electron trajectory[124]: 

 ��!� = E
¥ 
:n ¿! − m

nÊÉ sin�2�:!�À, (2.17) 

 ��!� = E
ÊÉ 
:�1 − cos��:!��, (2.18) 

 ��!� = 0, (2.19) 

where the central frequency �: can be written as the laser frequency (�: = �S), form 

used by many authors[125, 126]. The transverse motion ��!� oscillates like the classical non-

relativistic motion, described in equation (2.10). The longitudinal motion ��!� is a 

combination of an oscillation with double the laser frequency, with a longitudinal 

translation with a drift velocity �`\ = 0
:n/�
:n ¶ 4�. The Figure 2.3 illustrates the 

electron trajectory (quiver motion) for different values of 
: in the laboratory frame and 

in the co-moving frame (�`\ = 0), the latter containing the typically “figure-8” motion. 

It is noteworthy that if a circularly polarized laser is used instead of a linear one, the 

electron would describe a circular trajectory with a radius 
:/√2w6 in the co-moving 

frame and a helical orbit in the laboratory frame[128]. 

 
Figure 2.3 – Illustrative trajectory of an electron in a relativistic laser field interaction (for 
: = 1 

and 
: = 2) observed (a) in the laboratory frame and (b) in a co-moving frame, presenting a 
figure-8 motion. 

Source: Adapted from SÄVERT, A.[126]. 
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 Indeed, a high-intensity laser pulse (in the form of a plane wave at focus) will 

accelerate a single electron both transversally and longitudinally. However, when the 

electron surpasses the laser period, it is decelerated and returns to the initial position 

(behind the pulse), although it is displaced towards the laser propagation axis. While the 

symmetry of acceleration and deceleration are undisturbed, the electron gains no net 

energy from the laser field in vacuum according to the Lawson-Woodward theorem[135, 

136] that is valid since the following assumptions are fulfilled [137]: 

1. The interaction region is in vacuum and is infinite (there are any boundaries), 

2. The electron is highly relativistic along the acceleration path, 

3. There are no static electric or magnetic fields, 

4. Ponderomotive effects are neglected. 

 Once one or more of the above assumptions are violated, the electron can, in 

principle, gain net kinetic energy from the laser field. As will be outlined in the following 

sections, a very effective way to obtain a net electron acceleration with relativistic laser 

fields is via the generation of strongly driven Langmuir waves (plasma waves), which 

violates all of the assumptions made in the Lawson-Woodward theorem[138]. 

2.3 Ponderomotive force 

 As mentioned in the previous section, an electron in a plane wave (constant 

amplitude) gains no net kinetic energy. However, real high-intensity laser pulses present 

intensity gradients in the radial and longitudinal directions, with the peak in the laser axis. 

This intensity gradient leads radially to a net force on the electron. Here, this net force is 

calculated from the equation of electron motion (2.4) in its non-relativistic form (w6=1) 

and by including an inhomogeneous electric field � = �Ü��� cos��:#�, with a spatial 

term that can be described by a first-order Taylor expansion: 

 �Ü�Ý� = �Ü���|�Þßàáàâ
�PQHLDQL L6]F

¶ �∆� ∙ º��Ü���|�Þßààààáààààâ
mãä ¤P]`6]

¶ ⋯ (2.20) 

where ∆� = �æ − �Þ. Taking into account only the 1st order term (homogenous 

contribution), for an electron initially at the axis, (�Þ = 0), its velocity ³æ and 

displacement �æ can be obtained by integrating equation (2.4), resulting in the equations 

that describe the motion of an electron acted upon by an uniform electric field: 

 ³æ = 6
F�ÊÉ �Ü��Þ� sin��:#�, (2.21) 
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 ∆� = �æ = 6
F�ÊÉ²

�Ü��Þ� cos��:#�. (2.22) 

 The inhomogeneous contribution of the electron motion can be obtained by 

applying equation (2.4) assuming only the motion resulting in the non-uniform electric 

field and ³æ × �, given as: 

 56 `³ç
`L = −	è��æ ∙ º����æ, #�|�Þ ¶ ³æ × ���æ, #�é, (2.23) 

where ³ç is the electron velocity in a non-uniform electric field. It is noteworthy that in 

this approach the magnetic field force contribution (³æ × �) is relevant, being described 

in terms of a non-uniform electric field expansion making ³ × � = � × �º × ��. Time 

averaging over the fast oscillations of the laser field and using the equations (2.21) and 

(2.22), modifies equation (2.23) to[125]: 

 ê� = 56 〈`³ç
`L 〉 = − 6²

¥F�ÊÉ² º(�Üç) (2.24) 

where the ê� is termed ponderomotive force, which is a resulting force arising from a 

non-uniform laser field. This net force is proportional to the laser intensity (through �Üç), 

and it is opposed to the intensity gradient, therefore, it drives electrons toward regions of 

low intensity. It is worth mentioning that the force applied on an electron is much greater 

than that applied on an ion due to the mass dependence in equation (2.24). Therefore, is 

usual to neglect the ion dynamics, assuming that it remains static in this approach. 

 The ponderomotive force also can be written in terms of the ponderomotive 

potential as ê� = −º�V, where �V can be equated to the time-averaged kinetic energy 

gained by the electron from the laser field, shown as: 

 �V = − 6²
¥F�ÊÉ² �Üç ≡ m

n 56〈³´〉n, (2.25) 

where the 〈³6〉 spatial distribution follows the pulse envelope.  

 For a relativistic electron, a similar expression for the ponderomotive force can be 

obtained using the relativistic equation of motion of the electron[139]: 

 ê� = −º�V = − 6²
¥〈Ú�〉F�ÊÉ² º(�Üç), (2.26) 

where 〈w6〉 is the time-averaged Lorentz factor. Analogously to the non-relativistic case, 

the ponderomotive force expels the electron from regions of high intensity toward lower 

intensities. For ultrashort laser pulses, it means that, besides the radial motion, the 

electrons are also accelerated forwards and backwards in the laser propagation direction, 
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along with an increase in the quivering amplitude due to the net energy gained by the 

electron from the laser field, as illustrated in Figure 2.4. The differences in the dynamics 

between the non-relativistic and the relativistic cases arise from the relativistic electron 

mass increase (decreasing ê�) and the magnetic field contribution, which is considered 

throughout this approach. 

 
Figure 2.4 – Illustrative trajectories of an electron in a relativistic laser field observed at a co-moving 

frame under (a) a homogenous laser field (constant intensity), in which the electron quiver 
motion is a figure-8, and (b) an inhomogeneous laser field (ultrashort laser pulse), where the 
quiver motion increases its amplitude in each laser period, as well displaces the electron along 
the laser propagation. 

Source: Adapted from PLATEAU, G.[140]. 

 For the laser-plasma interaction, the time-averaged Lorentz factor 〈w6〉 can be 

expressed in terms of time-averaged normalized potential vector: 

 〈w6〉 = ·1 ¶ 〈Í〉n , (2.27) 

where 〈
〉n = 
:n/2 for linearly polarized laser pulses, and 〈
〉n = 
:n for circularly 

polarized pulses[127]. The more frequently used expression of the ponderomotive force is 

also described in terms of the normalized potential vector using 
: = 	�/56�:n0 in 

equation (2.26), which results, for linearly polarized pulses, in the following: 

 ê� = −º�V = − F�E²
n〈Ú�〉 º〈Íç〉. (2.28) 

In this case, the ponderomotive potential can be described as: 

 �V,FDG = 560n�〈w6〉 − 1� ⇒  �V,FDG�MeV� = 0.511 ½·1 ¶ 〈
〉n − 1¾ , (2.29) 

which corresponds to the average kinetic energy gained by the electron from the laser 

field. As an example, a linearly polarized high-intensity laser at �S = 0.8 µm with 

XS = 4.0×1019 W/cm2 produces 
: = 4.8, corresponding to an electron energy gain of 

�V = 0.8 MeV, in contrast to the Lawson-Woodward theorem[135, 136]. As will be outlined 



THEORY OF LASER-PLASMA INTERACTIONS | 19 
 

in the following sections, when the collective plasma oscillations contribute to the 

acceleration process, the energy gained by the electrons is notably greater than the 

ponderomotive potential for equivalent laser parameters. 

2.4 Plasma properties 

 To better understand the propagation of a laser pulse in a plasma is essential to 

initially comprehend the electrons collective behavior. A plasma can be defined as a 

collection of ionized matter that admits quasi-neutrality, meaning that the electrons and 

ions charge densities are approximately equal over a large scale[13]. Under normal plasma 

conditions, the ions can be assumed to be motionless compared with the electrons in the 

presence of an external field. Due to the ion mass, 5O, being much greater than electron 

rest mass (5O/56 > 10Ô), the electron moves considerably faster in external field 

response, making the ions stationary on the electron time scale. Therefore, the plasma 

collective behavior is communally described in terms of its electrons response. 

 For an externally applied perturbation in a plasma, such as a laser pulse, the 

electrons are displaced from the background of ions, and an electric field distribution is 

created in the plasma. This electric field acts to restore plasma neutrality by pulling the 

electrons back to their initial, equilibrium, positions. Nevertheless, due to their inertia, 

the electrons will oscillate around their equilibrium positions with a characteristic plasma 

frequency, �V, which from the cold and collisionless plasma assumption (electron 

temperature .6 = 0), can be described as: 

 �V = �Q�6²
ðÉF� , (2.30) 

where �6 is the electron density (or plasma density). In a relativistic laser field, the 

electron oscillation speed reach values close to the speed of light, being necessary to 

include the relativistic correction in equation (2.30). This is done using the time-averaged 

Lorentz factor, resulting in the relativistic plasma frequency �]Vn = �Vn/〈w6〉. It is 

noteworthy that since the thermal motion of the elections is considered, the dispersion 

relation for the collective electron oscillations can be described by the Bohm-Gross 

relation[141]: 

 �V,LMn = �Vn + 3�LMn 3LMn , (2.31) 
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where the electron thermal velocity is �LM = ·34.6/56, with 34 being the Boltzmann 

constant, and 3LM is the wave number related to the propagation of the electron density 

oscillations due to the thermal effects. However, thermal effects play a key role only for 

time scales higher than an ultrashort laser pulse duration (> ps). For that reason, during 

the ultrashort pulse laser-plasma interaction the plasma can be well described as a cold 

and collisionless plasma. 

 The inverse of �V is the electrons response time to a disturbing external field. For 

instance, if a laser field with a frequency �S impinges into a plasma, the electrons will 

move to restore plasma neutrality. However, if �S > �V the electrons will not be able to 

shield the laser field since the period of the electromagnetic oscillation of the laser is 

shorter than the response time of the electrons. Such a plasma is called an underdense 

plasma once its electron density allows this laser field to propagate through it. Otherwise, 

if the plasma has a higher density such as ωò < ω|, the electrons respond fast enough 

and absorb the laser field. This second condition is known as an overdense plasma. 

Making �S = �V defines the electron density at which the plasma becomes overdense, 

known as critical density �E, which is given by: 

 �E = ðÉF�ÊÐ²
6² ⇒ �E�05¤Ô� = m.m×m:²Ö

ÏÐ²�ÓF� . (2.32) 

Although the underdense and overdense plasma classifications are commonly employed, 

some authors define near-critical plasma with densities in the interval of 0.1�E < �6 <
�E [125]. Moreover, it is worth noting that for the relativistic case, the critical density is 

increased to �E〈w6〉.  

2.5 Laser propagation in underdense plasmas 

 The propagation of an electromagnetic wave  in an underdense plasma can be 

described from the Maxwell equations in the matter, given by[142]: 

 º ∙ � = − m
ðÉ º ∙ ó ¶ �\, (2.33) 

 º × � = − ¹�
¹L , (2.34) 

 º ∙ � = 0, (2.35) 

 º × � = ; ½9: ¹�
¹L ¶ ¹ó

¹L ¶ ôõ¾, (2.36) 
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where we define new variables: ó is the plasma polarization, �\ is the charge density, ; 

is the magnetic permeability that in this context can be approximated to the vacuum 

permeability (; � ;:), and the total current is ô = �öó/ö#) + ôõ, with öó/ö# being the 

bound currents, and ôõ the free currents in the plasma. Considering the plasma as a 

dielectric medium, where only the transverse electron oscillations in the electric field � 

are allowed, results in �\ = 0 and ÷õ = 0. From these assumptions, and combining the 

Maxwell equations, is possible to obtain a wave equation[125]: 

 ºç� − m
E²

¹²�
¹L² = m

ðÉ ¿ m
E²

¹²ó
¹L² − º(º ∙ ó)À, (2.37) 

where 0 = 1/·9:;: and º ∙ ó can be regarded as zero since only the transverse motion 

of the electrons is considered. Furthermore, assuming an instantaneous electrons response 

to the external electric field �, the polarization ó can be described in terms of � to account 

for the nonlinear response of plasma, which is given in the vectorial form as[143]: 

 ó = ∑ 9:�(Q)�ùúùûæ = 9:�(m)�ßàáàâ
aOQ6D] ]6HVPQH6

+ 9:�(n)�ç + 9:�(Ô)�ü + ⋯ßàààààààáàààààààâ
QPQaOQ6D] ]6HVPQH6

, (2.38) 

where the constant �(m) is the first-order electric susceptibility, which depends on the 

microscopic properties of the medium (plasma). The higher-order electric susceptibilities 

(�(n), �(Ô),⋯) describe the nonlinear response of plasma and depend also on the different 

powers of the external electric field �.  

2.5.1 Linear response 

 The linear response of a plasma, related to �(m), is independent of the external 

electric field �, being the plasma polarization directly proportional to the electric field by 

ó = 9:�(m)�. For a purely transverse plasma response, the time derivative of the bound 

current results in önó/ö#n =  9:�(m)ön�/ö#n, which can be substituted in equation 

(2.37) to obtain the following wave equation for an underdense plasma: 

 ºç� = mýþ(Ö)
E²

¹²�
¹L² = ½�

E¾n ¹²�
¹L² , (2.39) 

with the refractive index � = ·1 + �(m) and, therefore, a propagation velocity � = 0/�. 

The bound current öó/ö# depends on the transverse electron oscillations and is related to 

the electrons velocity by: 
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¹ó
¹L = −	�6³´. (2.40) 

Combining the time derivative of the equation (2.40) with the time derivative of the bound 

current produces the following relation: 

 
¹²ó
¹L² = −	�6 ¹³´

¹L ≡ 9:�(m) ¹²�
¹L² . (2.41) 

In addition, considering the motion of a non-relativistic electron, described by ö³´/ö# =
−	�/56, under excitation by a plane wave � = ��	��[d(�:# − 3:�)], the equation 

(2.41) yields an expression for the plasma electric susceptibility: 

 �(m) = − 6²Q�
F�ðÉÊÉ²

= − Ê�²
ÊÉ²

, (2.42) 

expressed in terms of the plasma frequency. Thus, the plasma refractive index for an 

electromagnetic wave with a frequency �:, can be described as: 

 �V = ·1 + �(m) = �1 − Ê�²
ÊÉ²

= �1 − Q�
Q�. (2.43) 

For underdense plasmas, in which �6 < �E, this refractive index is smaller than 1; on the 

other hand, for overdense plasmas (�6 > �E), the refractive index becomes imaginary, 

indicating that the electromagnetic wave is absorbed cannot propagate into it. 

 The propagation velocity of the electromagnetic field occurs at the phase velocity 

�o, and can be described using the plasma refractive index and the equation (2.43): 

 �o = ÊÉ
RÉ = E

�� = � E²ÊÉ²
(ÊÉ²¤Ê�²), (2.44) 

which shows that �o > 0 in an underdense plasma. Moreover, equation (2.44) provides 

the dispersion relation of an electromagnetic wave with a frequency �: and wave number 

3: propagating in plasma, given by: 

 �:n = �Vn + 0n3:n, (2.45) 

which shows that the minimum frequency allowed for the propagation of an 

electromagnetic wave through a plasma is �V, as already mentioned in Section 2.4. A 

more realistic description of a laser pulse considers a Gaussian distribution of frequencies, 

which can be decomposed in several monochromatic waves, and also satisfies the wave 

equation (2.39). However, during the laser pulse propagation through a plasma, each 

frequency component experiences a different refractive index. Thus, each frequency 
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component travels with a different phase velocity that introduces changes in the temporal 

structure of the laser pulse, a phenomenon so-called dispersion. The velocity with which 

the pulse envelope moves in the medium can be studied by assuming an overlap of the 

two monochromatic waves of the same amplitude with slightly different frequencies 

(�: ± ∆�) and wave numbers (3: ± ∆3). From these assumptions, the resulting electric 

field can be described by[125]: 

 � = �Þ	O[(ÊÉý∆Ê)L¤(RÉý∆R)G] + �Þ	O[(ÊÉ¤∆Ê)L¤(RÉ¤∆R)G], (2.46) 

from which the real component of the resultant electric field is: 

 � = 2�Þ cos(�:# − 3:�� cos(∆�# − ∆3��, (2.47) 

where the first cosine corresponds to a plane wave with a phase velocity �o = �:/3:, 

whereas the second cosine is a modulation of 2Ì/∆3 wavelength traveling at a velocity: 

 
∆Ê
∆R ≈ ¹Ê

¹R = �Y. (2.48) 

It is noteworthy that this analysis can be extended to include more frequencies, 

providing a better representation of a real laser pulse. However, the conclusion will be 

basically the same. The �Y is termed the group velocity, and it refers to the velocity of the 

laser pulse envelope moving through the medium, which for propagation in an underdense 

plasma can be characterized by its refractive index �V using the dispersion relation from 

equation (2.45): 

 �Y = ¹Ê
¹R = RÉE²

�Ê�²ýE²RÉ²
= 0 E

Ê/R = 0�V. (2.49) 

 At relativistic intensities, the plasma frequency and the critical density need to be 

corrected due to the electron mass increase that yields, �]Vn = �Vn/〈w6〉 and �E〈w6〉, as 

shown in Section 2.4. Thus, the relativistic plasma refractive index is: 

 �V = �1 − Ê�²
〈Ú�〉ÊÉ²

= �1 − Q�
〈Ú�〉Q�. (2.50) 

2.5.2 Nonlinear response 

 The nonlinear response of a plasma to an external electric field � can be 

understood from the plasma refractive index in equation (2.50), since 〈w6〉 = ·1 + 〈Í〉n 

is dependent on the intensity of the electric field. Thus, this dependence originates 
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propagation effects during the laser pulse displacement through the underdense plasma, 

such as ionization-induced defocusing, relativistic and ponderomotive self-focusing, and 

self-phase modulation. These effects can be related to refractive index changes following 

the temporal and spatial profile of a laser pulse, as well as the local plasma density. In 

addition, the effects can be studied by introducing perturbations in the plasma density in 

the form �6� = �6 + y�6, and in the laser central frequency �:� =  �: + y�:, where 

y�6 ≪ �6 and y�: ≪ �:. Using these perturbations terms in the linear approximation of 

the refractive index of the plasma, which is only valid for an underdense plasma with 

�6 ≪ �E]OL, the equation (2.50) can be rewritten as: 

 �V ≈ 1 − m
n

m
·mý〈Í〉²

Q�ý�Q�
(ÊÉý�ÊÉ)². (2.51) 

 For a linearly polarized laser pulse with non-relativistic intensities (
: < 1), the 

inverse of the time-averaged Lorentz factor, 1/〈w6〉 = 1 − 
:n/4, can be used in equation 

(2.51) and expanded as[22, 126]: 

 �V = 1 − m
n

Ê�²
ÊÉ²

½1 − DÉ²
¥ + �Q�

Q� − 2 �ÊÉ
ÊÉ ¾. (2.52) 

Likewise, for relativistic intensities (
: > 1), with 1/〈w6〉 = (√2/
:)(1 − 1/
:n), 

equation (2.51) can be expanded to: 

 �V = 1 − m
√n

Ê�²
ÊÉ²DÉ ½1 − m

DÉ²
+ �Q�

Q� − 2 �ÊÉ
ÊÉ ¾. (2.53) 

The refractive index dependence on y�6, y�: and 
: yields several different effects that 

impact the laser pulse during its propagation through an underdense plasma. For instance, 

the normalized density perturbation y�6/�6 is the term influenced by transverse electron 

modulations that can produce self-focusing effects (for y�6/�6 < 0), or plasma 

defocusing effects (for y�6/�6 > 0), and the normalized frequency perturbation y�:/�: 

is responsible for self‐phase modulation. In this Section, each of these effects is studied 

in detail using different mathematical approaches. In addition, although each effect could 

compete with others depending on their strengths, they are treated independently and any 

combination of the propagation effects is ignored due to the complex required analysis.  

Ionization-induced defocusing (plasma defocusing) 

 Considering the propagation of a laser pulse in a gaseous target such as argon, for 

non-relativistic laser intensities exceeding the gas ionization threshold, the ionization 
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process results in a decrease in the refractive index since �V � (1 µ �6/�E)m/n. However, 

the laser pulses usually present a radial Gaussian intensity distribution centered on the 

propagation axis that results in an electron density distribution related to the various 

ionization levels of the gas, as illustrated in Figure 2.5a. It corresponds to a resulting 

plasma refractive index and a laser phase velocity identical to propagation in a negative 

lens as shown in Figure 2.5b. This reduced phase velocity at the peak of the laser intensity 

leads to a defocusing effect. For a wavefront that is being focused, this causes first a 

decrease and then an increase in its radius of curvature. Thus, the laser pulse propagation 

continues to be dominated by the defocusing effect while its intensity exceeds the 

ionization threshold. 

 
Figure 2.5 – Illustrative changes of plasma refractive index in the ionization-induced defocusing 

effect: (a) Laser intensity with a Gaussian radial distribution (blue line) with the corresponding 
ionization intensity levels for argon (orange line) and a smooth plasma density profile (black 
line), where the transition of the argon ionization states is assumed to be smooth between the 
two related successive ionization states. (b) Radial distribution of the plasma refractive index 
(blue line) and laser phase velocity (orange line). 

Source: Adapted from ARUNACHALAM, A. K.[125]. 

 The formulation of the ionization-induced defocusing effect can be studied by 

assuming a Gaussian beam focused to a beamwaist q:, corresponding to a Rayleigh 

length �h � Ìq:n/�S and focused half-angle Θ � �S/Ìq:, as illustrated in Figure 2.6a. 

Due to the plasma defocusing effect, after a propagation distance of � in a time #, the 

wavefront undergoes a tilt by an angle θ, as shown in Figure 2.6b. The on-axis 

propagation velocity �o�  is different from that of the edge �o, which can be obtained from 

the wavefront position: 

 � � �o# � E
�� # � E

·m¤Q�/Q�
# � 0 ½1 ¶ m

n
Q�
Q�¾ #, (2.54) 

whereas the on-axis distance ��due to the electron density �6 ¶ y�6 can be described by: 
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 �� � �o� # � E
·m¤(Q�ý�Q�)/Q�

# � 0 ½1 ¶ m
n

Q�
Q� ¶ m

n
�Q�
Q� ¾ #. (2.55) 

Comparing (2.54) with (2.55) results in: 

 �� � � ¶ 0 �Q�
nQ� # � � ¶ y�, (2.56) 

with the displacement y� � 0y�6#/2�E. Following, the tilting angle θ for small values 

can be described by: 

 θ � tan θ � �G
IÉ � EL

IÉ
�Q�
nQ� � G

IÉ
�Q�
nQ�. (2.57) 

Since the laser is being focused at a half-angle Θ, the plasma defocusing is neutralized 

when θ � Θ. Thus, considering a propagation distance of � � 2�h � 0#, the ionization-

induced defocusing effect dominates as long as[144]:  

 θ � 2 �IÉ²
ÏÐ

m
IÉ

�Q�
nQ� � Θ � ÏÐ

�IÉ ⇒ �Q�
Q� � ½ ÏÐ

�IÉ¾n
, (2.58) 

where this condition has a good agreement for regions immediately around the focus 

position. In practice, ionization-induced defocusing can impair the achievement of the 

desired laser intensity at the focus. However, as displayed in equation (2.58) this effect 

can be compensated by going for either a tighter focusing geometry, pre-ionization of the 

medium target, or choice of a target with fewer ionization levels. 

 
Figure 2.6 – (a) Propagation of a focused Gaussian laser beam at a divergence half-angle Θ and (b) 

its flat wavefront tilt after a propagation distance � � 2�h.  
Source: Adapted from ARUNACHALAM, A. K.[125]. 

Self-focusing in underdense plasmas 

 The self-focusing of a laser pulse in underdense plasmas can be a result of two 

effects: the relativistic increase of the electron mass close to the laser axis, and electrons 

depletion on the laser axis due to the ponderomotive force. In addition, the self-focusing 

contributes to a further increase of the laser intensity as well as the focused laser guiding 

over longer distances than the Rayleigh length �h.  
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 To investigate the relativistic increase of the electron mass effect during the laser 

pulse propagation in a plasma, the effects of ponderomotive electron repulsion will be 

neglected. Considering a linearly polarized laser pulse propagating in an underdense 

plasma with uniform density, the plasma refractive index can be described in terms of the 

normalized vector potential: 

 �V � 1 µ m
n

Ê�²
ÊÉ²

½1 µ DÉ²
¥ ¾. (2.59) 

Moreover, assuming a Gaussian laser pulse (shown in Figure 2.7a) propagating in the 

uniform plasma, the refractive index described by equation (2.59) increases in the axis of 

the laser pulse due to its higher intensity, and the corresponding laser phase velocity 

decreases, as shown in Figure 2.7b. This effect corresponds to a plasma refractive index 

and a laser phase velocity distribution similar to the propagation through a positive lens, 

making the pulse undergo self-focusing until it is compensated by natural diffraction. 

 
Figure 2.7 – Illustrative changes of plasma refractive index in the self-focusing effect by relativistic 

electron mass: (a) Laser intensity with a Gaussian radial distribution. (b) Radial distribution of 
the plasma refractive index (blue line) and laser phase velocity (orange line). 

Source: Adapted from ARUNACHALAM, A. K.[125]. 

 This effect is known as relativistic self-focusing (RSF) and its critical laser power, 

�hZi, can be derived from balancing the natural diffraction of the laser pulse with the 

self‐focusing, where a known result for a laser pulse with a Gaussian radial profile is 

represented by[124]: 

 �hZi � E
n�ðÉ ½ 6

]�¾n ⟹ �hZi�GW� � 17.5 ÊÉ²
Ê�² � 17.5 Q�

Q�, (2.60) 

where &6 � 	n/4Ì9:560n is the classical electron radius. For typical high-density LWFA 

experiments with �6 � 0.05�E, �hZi = 350 GW, which is a laser power easily reached by 

near TW-class laser systems. These considerations have also been experimentally 

demonstrated for hydrogen targets[145], where for laser peak powers ΡS � ΡhZi the 
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ionization-induced defocusing effect dominates, and for ΡS � ΡhZi the relativistic self-

focusing takes over.  

 To understand the second self-focusing caused by the ponderomotive force, is 

essential to remember that this force originates from the laser pulse nonuniform intensity 

distribution during its propagation in an underdense plasma, and it acts from higher to 

lower intensity regions (Section 2.3). For a high-intensity laser pulse, this force is strong 

enough to radially expel the electrons from the axis and form an electron depleted 

channel, as illustrated in Figure 2.8a. Thus, the resulting plasma refractive index can cause 

different parts of the laser pulse to undergo ponderomotive self-focusing at varying 

degrees. In the steady-state limit, the laser pulse is guided by the electron density 

distribution across the cavity, as illustrated in Figure 2.8b. The electron depletion in the 

central focal region acts as a positive lens for the laser pulse propagation[146]. It is 

noteworthy that although each self-focusing effect has a different mechanism, 

experimentally both self-focusing effects are basically indistinguishable from one 

another.  

 
Figure 2.8 – Illustrative representation of ponderomotive self-focusing effect: (a) schematic 

representation of the electron cavity formation due to the ponderomotive expulsion of the 
electrons in the laser focal position, and (b) electron density variation (red line) across the cavity 
in the steady-state limit corresponding to a laser intensity with a Gaussian profile (blue line).  

Source: Adapted from ARUNACHALAM, A. K.[125]. 

Self-phase modulation  

 When a laser pulse is focused into a gaseous target, the pulse leading edge ionizes 

the gas atoms, and the subsequent laser propagation in an underdense plasma depends on 

the interdependent evolution of the plasma electron density and the laser intensity. The 

change in the instantaneous frequency of the laser pulse due to the intensity dependent 

plasma refractive index in the longitudinal direction is known as self-phase modulation 

(SPM). This effect can be understood as analogous to self-focusing on the longitudinal 

direction in the plasma, and it can be investigated by assuming that the linearly polarized 
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laser pulse envelope and the longitudinal electron density profile remain unchanged in 

the co-moving reference frame of the laser pulse, thus the instantaneous plasma refractive 

index �V(!) can be described by: 

 �V(!) = �V,:(!) + �V,n(!)XS(!) = 1 − m
n

Q�(�)
Q�ßààáààâ

��,É(�)
+ m



Q�(�)

Q� 
:n(!)ßààáààâ
��,²[Ð(�)

, (2.61) 

where XS(!) refers to the laser intensity in the co-moving reference frame, �V,: 

corresponds to the linear contribution of the refractive index, while �V,n is the nonlinear 

contribution for 
: < 1. Otherwise, for 
: > 1, �V(!) has to be modified accordingly to 

equation (2.53).  

 The phase shift $(!) accumulated by different parts of the laser pulse after a 

propagation distance � can be given by: 

 $(!) = $: + �:! + $Z?�(!), (2.62) 

where $: is the initial phase shift, �: is the central frequency, and $Z?� refers to the 

accumulated phase shift due to the instantaneous plasma refractive index �V(!), which 

can be expressed by: 

 $Z?�(!) = n�
ÏÉ � �V(!)��S

: , (2.63) 

from where the instantaneous laser frequency �(!) can be described in the following 

form: 

 �(!) = `
`� $(!) = �: + `

`� ¿n�
ÏÉ � �V(!)��S

: À � �: + n�
ÏÉ � `

`� �V(!)ßàààáàààâ
�Ê(�)

, (2.64) 

where y�(!) is the instantaneous frequency change caused by the ionization and self-

phase modulation effect[125]. These changes can be visualized in Figure 2.9 on the 

temporal and frequency domains of a Gaussian laser pulse during its propagation through 

an underdense plasma; Figure 2.9a shows that during the laser pulse leading edge, the 

electron density has been assumed to steadily increase and after the peak intensity, it 

remains constant, neglecting the ponderomotive effects; Figure 2.9b shows the refractive 

index profile in the co-moving reference frame and the instantaneous frequency change 

after a propagation distance in plasma; Figure 2.9c shows the corresponding self-phase 

modulated electric field of the laser pulse, where the frequency modulation is evident; 

Figure 2.9d shows the SPM broadened spectrum.  
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Figure 2.9 – Illustrative representation of self-phase modulation effect during the laser pulse 

propagation in an underdense plasma: (a) laser pulse envelope intensity profile along with the 
corresponding electron density profile. (b) the variation of the refractive index profile and the 
laser instantaneous frequency. (c) the modified electric field of the laser pulse after the 
propagation of in plasma. (d) the unmodulated (original) and self-phase modulated spectrum of 

the laser pulse after the propagation in plasma. 
Source: Adapted from ARUNACHALAM, A. K.[125]. 

2.6 Plasma wakefield generation 

 As previously described, when an intense laser pulse propagates through an 

underdense plasma, its ponderomotive force pushes radially the electrons from the ionic 

background. Since the ions remain stationary, a restorative electric field pulls the 

electrons back, thus establishing electron density oscillations at the trail of the laser pulse, 

a so-called plasma wave with a frequency �V. As far as the laser pulse propagates with 

its group velocity �Y through the underdense plasma, it continues to push the electrons 

away from higher intensity regions, leading to a plasma wave with a relativistic phase 

velocity �o � �Y (close to the laser pulse envelope). This process will evolve to create 

laser-generated wakefields in the plasma, and it can be derived from an analysis in the 

one-dimensional (1D) nonlinear regime and modeling the plasma as a cold fluid[124, 126], 

as described in this section to reduce the complexity. Thus, assuming the quasi-static 

approximation (QSA) in which the laser pulse does not evolve over the transit time of the 
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plasma, and can be represented as a function of the coordinate � � � µ �Y# in the co-

propagating frame, the generation of 1D plasma waves in the cold fluid limit can be 

described by: 

 
m

R�²
¹²�
¹�² � wY ���

E �1 µ mýD²
Ú�²(mý�)²�¤m/n µ 1�, (2.65) 

where 3V is the plasma wave number, Φ is the electrostatic wake, 
 is the normalized 

potential vector, wY � ·1 µ �Y/0 is the Lorentz factor associated with the group velocity 

of the plasma wave. If the laser group velocity is close to the speed of light (�Y � 0), the 

equation (2.65) can be reduced to[126]: 

 
m

R�²
¹²�
¹�² � m

n ¿ mýD²
(mý�)² − 1À. (2.66) 

Solving the differential equation (2.66) for the wake potential, some wakefield properties 

can be calculated, including the longitudinal electric. Figure 2.10 presents two numerical 

solutions for the equation (2.66) corresponding to the wakefield generated by linearly 

polarized laser pulses with low intensity (
: � 0.3, Figure 2.10a) and high intensity 

(
: � 3, Figure 2.10b), both plots using a plasma with an initial density of  
�6,: = 1018 cm-3. In addition, the laser intensity plotted as the square of the normalized 

laser potential function 
n, and the plasma density and the longitudinal electric field are 

normalized. It is worth noting that in the high-intensity case (
: � 1), the plasma wave 

is strongly nonlinear and the characteristic electron density spikes are formed with almost 

linear electric fields between them. 

 
Figure 2.10 – Plasma wakefield formation from a laser-driver with Gaussian temporal profile with 

a duration of 50 fs (FWHM). The plots show the laser intensity (magenta line), the density 

profiles (gray line), and the longitudinal electric field profile (blue line). The horizontal axis 

represents the relative position of the laser pulse. 
Source: Adapted from PLATEAU, G.[140]. 
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 This ability to generate longitudinal electric fields makes plasmas an attractive 

medium for electron acceleration. However, the longitudinal electric field cannot reach 

infinitely large amplitudes. When the plasma group velocity (velocity of the electrons 

composing the plasma) becomes equal to the phase velocity of the plasma wave, a 

singularity is formed in equation (2.66), which in practice corresponds to an overlap 

between the trajectories of neighboring charges occurs[138]. This is the point where the 

wakefield no longer can increase and breaks down. This process is called longitudinal 

wave-breaking and it defines a limit to the maximum electric field supported by the 

plasma wave. For the non-relativistic cold wave-breaking limit[147] this electric field is: 

 �IJ,:��/5] ≈ F�Ê�E
6 = 96·�6,:[cm¤Ô]. (2.67) 

Otherwise, for relativistic velocities, a new limit for the wave-breaking electric field in 

cold relativistic plasmas described initially by Akhiezer and Polovin[148] takes place as: 

 
���

���,É
≈ �2 �ÊÉ

Ê� − 1� ∝ m
·Ê�. (2.68) 

Nevertheless, in warm plasmas the electrons have higher initial velocities and can travel 

out of the high-density spike below the cold wave-breaking limit, being self-trapped in 

the plasma wave. This new limit for the wave-breaking electric field in relativistic warm 

plasmas was derived from the warm relativistic fluid theory[149, 150], and is given by: 

 
���,ä�
���,É

= ½ ¥
nÕ

F�E²
k� ¾

Ö
®
, (2.69) 

where .6 is the electron temperature in eV. For instance, assuming a plasma with a density 

�6 = 1019 cm-3 and temperature .6 = 200 eV, as well as a laser pulse with 
: = 2, the 

maximum longitudinal electric field can be compared for the three wave-breaking limits 

by equations (2.67), (2.68), and (2.69), as presented in Table 2.1. 

 

Cold non-relativistic 
plasma 

Cold relativistic 
plasma 

Warm relativistic 
plasma 

�IJ,: = 300 GV/m �IJ = 1470 GV/m �IJ,LM = 1320 GV/m 

 
Table 2.1 –Wave-breaking electric field limits for different plasma regimes estimative at a plasma 

with �6 = 1019 cm-3 and .6 = 200 eV, and laser pulse at 
: = 2.  
Source: Adapted from SÄVERT, A.[126]. 

To summarize, the relativistic effects increase significantly the wave-breaking field in 

comparison with the non-relativistic regime although the longitudinal electric field, even 
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for the non-relativistic regime, is already adequate for electron acceleration experiments. 

However, it is worth mentioning that in more realistic approaches with 2D or 3D 

geometries using PIC simulations, the transverse effects can lead to wave-breaking at 

lower wakefield amplitudes[126, 151].  

2.7 Laser wakefield acceleration 

 Tajima and Dawson have proposed[14] that the ponderomotive force of a strongly 

focused laser pulse can excite a plasma wave that travels with a relativistic phase speed. 

They have also demonstrated that although a high 
: is required to create a wakefield 

efficiently, it is also necessary to achieve a match condition between the laser pulse length 

and the plasma waves wavelength. This resonance condition can be expressed by: 

 0!S = Ï�
n , (2.70) 

where the �V is the plasma wavelength and 0!S is the laser pulse length, being !S the pulse 

duration (FWHM). Under these conditions, if electrons are trapped inside of the spatial-

temporal plasma density oscillations (such as a surfer catching an ocean wave), those 

electrons can be accelerated up to a few GeV over a few centimeters[30] by the longitudinal 

electric field (wakefield) created by the charges separation, as illustrated in Figure 2.11. 

Besides the wave-breaking as a mechanism to self-trap electrons, other methods also are 

explored, such as colliding pulse[152, 153], ionization induced[27, 154], shock wave[155, 156], 

and density-ramp injection[157, 158]. 

 
Figure 2.11 – Scheme of the laser wakefield acceleration, where the leading edge of the intense laser 

pulse creates a plasma wave capable to trap the electron bunch, which is further accelerated by 
the longitudinal electric field in the direction of laser propagation. 

Source: Adapted from LIN, J.[127]. 
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 The laser-driven electron acceleration in underdense plasmas is a process known 

as laser wakefield acceleration (LWFA) and it can be operated in different regimes. The 

most efficient is the so-called blowout regime (or bubble regime)[22, 25], which operates at 

high nonlinear wakefield (
: ≫ 1) and close to the resonance condition expressed by 

equation (2.70), as well as with the focus radius (beamwaist) also close to �V/2. These 

spatial requirements can be reached by adjusting the size of the focal spot using the 

appropriate focalization optics, while the temporal condition can be obtained using a 

plasma density that matches the pulse duration. Furthermore, as shown in Figure 2.10b, 

for a high-intensity laser pulse, the plasma wake spikes have large amplitude as well as a 

longitudinal sawtooth-like electric field. These changes in the plasma wave allow a new 

definition for the plasma wavelength for a high nonlinear wakefield, such as LWFA in 

the blowout regime. Thus, the nonlinear plasma wavelength �V,Qa is given by[159]: 

 �V,Qa = nÏ�
�

���� 
���,É

, (2.71) 

where �FDG is the maximum electric field amplitude of the nonlinear wakefield. This 

lengthening of the plasma wavelength has an important effect on the transverse shape of 

the 3D nonlinear plasma waves. Due to the Gaussian intensity profile of the laser pulse, 

the wave is driven more strongly on-axis, which results in a curved wavefront of the 

plasma wave. Thus, for an intense nonlinear wakefield, the volume behind the laser pulse 

becomes depleted of electrons, forming a so-called ion bubble. This blowout regime 

(bubble regime) presents a stable accelerating structure due to the longitudinal electric 

field; meanwhile, the laser electric field (focusing field) decreases with the radial 

distance. These characteristics promote acceleration dynamics that can generate quasi-

monoenergetic electron (QME) bunches with high energy and low divergence, suitable 

as particle sources in several applications[37, 41]. Figure 2.12 presents a 3D PIC simulation 

illustrating the blowout regime and an analogy related to a surfer surfing the wave 

generated by a boat.  
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Figure 2.12 – Analogy between (a) a typical PIC simulation of LWFA operating in the blowout 

regime and (b) a surfer surfing the wave generated at the back of a boat. 
Source: Adapted from PLATEAU, G.[140]. 

 For a laser pulse longer than the plasma wavelength (0!S > �V), the LWFA can 

be made possible by another mechanism outside of the resonance condition, the so-called 

self-modulated laser wakefield acceleration (SM-LWFA) regime[22, 55]. This regime can 

be reached even starting from  a non-relativistic laser intensity (
: � 1), provided that 

the pulses surpass the critical power for relativistic self-focusing, �hZi (equation (2.60)), 

what can be obtained by increasing the plasma density. Once this condition is met, this 

self-focusing increases the laser intensity to relativistic values (
: � 1). In the SM-

LWFA, the laser pulses undergo a self-focusing effect that promotes laser instabilities as 

stimulated Raman[55]. These perturbations can periodically change the laser pulse group 

velocity yielding a modulation in its intensity profile, leading to the growth of spectral 

side bands �: + ��V and �: − ��V (with � as an integer) scattered by the plasma waves. 

This process increases the amplitude of the longitudinal plasma waves and breaks the 

pulse intensity profile into a train of shorter pulses separated by �V, as already illustrated 

in Figure 1.2. Thus, since the short pulses are resonant with the plasma wavelength, they 

are capable to accelerate electrons. In practice, although SM-LWFA experiments can be 

operated at lower laser intensities, usually the electron bunches have high charges but are 

no longer QME, do not have low divergence, and are no more energetic than in the 

blowout regime. 

2.8 Electron acceleration limits 

 Although plasmas can sustain longitudinal electric fields with amplitudes over 

GV/m, as discussed in Section 2.6, the electrons cannot be accelerated and gain energy 

infinitely. The final electron energy is determined by the interaction between the 

accelerating field and how far this field can be sustained. There are different effects 
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capable of limiting the acceleration field extent as well as the electron energy gain. In this 

Section, those effects are discussed individually along with analytical expressions derived 

from the 1D approach[126]. 

2.8.1 Diffraction 

 Due to the high laser intensities requirement to drive LWFA experiments, the laser 

pulses are focused on the target. As a consequence of the diffraction, outside the confocal 

parameter = = 2�h the laser spot size increases rapidly and, consequently, the laser 

intensity quickly drops. Although self-focusing effects can lengthen the focal region, it 

does not extend it to many �h. Thus, the electron acceleration length cannot be sustained 

for long distances, and the diffraction limits the energy gain. Nonetheless, some 

experimental methods have been investigated for extending the acceleration length by 

external guiding structures with a preformed plasma channel before the arrival of the 

laser-driver pulse[160, 161]. 

2.8.2 Laser depletion length 

 A portion of the laser energy is required to create and sustain the plasma waves. 

While the leading edge of the laser pulse ionizes the target and interacts with the plasma 

formed, the trailing edge resides within the ionic channel. This spatial variation of the 

electron density along the pulse envelope etches away the pulse starting from its leading 

edge with a velocity �6LEM = 0�Vn/�Sn, moving the leading edge backwards. Thus, the 

laser pulse is depleted after a depletion length �`6Va, given by[22, 162]: 

 �`6Va � �ÊÐ
Ê��n E�Ð

DÉ² , for 
: � 1, (2.72) 

 �`6Va � �ÊÐ
Ê�
�n 0!S, for 
: � 1. (2.73) 

When the laser pulse loses a substantial portion of its energy, the plasma wave amplitude 

decreases, and the electron acceleration process is terminated. In addition, a sharp shape 

of the laser pulse leading edge, as well as the formation of a plasma density spike, can be 

observed at the depletion position[126]. 
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2.8.3 Dephasing length 

 Usually, the electron bunches travel with velocities close to the speed of light 0, 

while the plasma wave propagates with the same group velocity of the laser pulse, which 

is slightly less than 0. Once the electrons travel faster than the plasma waves, after some 

distance within the acceleration region they will enter into a deceleration region, as can 

be understood by referring to Figure 2.13. This dephasing between the electrons and 

plasma waves can be expressed in terms of the electrons propagation distance until the 

dephasing takes place. For the blowout regime, this dephasing length �`6VM can be 

described by[22, 162]: 

 �`6VM � Ï��
ÏÐ²

, for 
: � 1, (2.74) 

 �`6VM � n
Ô�

Ï��
ÏÐ² ·
:, for 
: � 1. (2.75) 

It is noteworthy that the dephasing length is longer for lower density plasmas since �V ∝
1/·�6, which makes low-density targets more attractive to reach higher energies. 

Furthermore, the dephasing effects usually dominate over depletion ones to limit the 

energy gain, and the depletion length only overtakes for high laser intensities (
: ≫ 1). 

For the blowout regime using the resonance condition 0!S � �V/2, this comparison is 

easily observed by the ratio �`6VM,]/�`6Va,] � 4·
:/3Ì, valid for 
: > 1. 

 
Figure 2.13 – Charge density distribution on the laser polarization plane in a typical LWFA PIC 

simulation. The dark green line represents the on-axis density, and the pink line is the on-axis 
longitudinal electric field (wakefield), created by the charge distribution. An accelerated electron 
bunch can be observed inside the first ionic cavity, around 674 µm, where the wakefield is 
negative, accelerating the electron bunch forward; for � � 680 µm the wakefield is positive, 
defining a deceleration region for the bunch. The dephasing length for this ionic cavity is 
�`6VM ≈ 7 µm, from ~673 µm to ~680 µm. 

Source: By the author. 
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2.8.4 Maximum energy gain 

 The electron maximum energy gain in the wakefield, rFDG, can be determined by 

the acceleration length and the acceleration field �DEE. Assuming that �`6VM � �`6Va for 

typical experimental parameters, the rFDG can be described by[22]: 

 rFDG�MeV� � 	�DEE�`6VM � 630 [Ð� /!"²]
Q�[!"#�] × �1              for 
:n ≪ 1

2eV/Ì    for 
:n ≫ 1, (2.76) 

where eV is the number of plasma periods behind the laser pulse. The equation (2.76), as 

well as the other analytical expressions presented in this section, were derived in the 1D 

approach for plasma wakes. Although these expressions provide a good picture of the 

LWFA mechanisms, more realistic 3D approaches can significantly change these 

expressions. Thus, particle-in-cell (PIC) simulations have been largely explored in this 

field to better understand, predict, and interpret experimental results. Such simulations 

can predict experimental results with good accuracies, such as electron bunch energy 

distribution, charge, and divergence. Chapter 3 is dedicated to discussing the PIC 

simulation, where a brief theory is presented along with some results obtained by our 

research group to motivate the subsequent experimental results also discussed in this 

thesis. 
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3 PARTICLE-IN-CELL SIMULATIONS 

 In this chapter, particle-in-cell (PIC) simulations are briefly discussed, with an 

initial theoretical description of the method, followed by the motivation for using PIC 

codes to predict experimental possibilities from the viable infrastructure in our laboratory 

at IPEN, and some PIC simulation results that lead off the subsequent experimental 

activities described in this thesis. It is noteworthy that I personally did not perform PIC 

simulations during the development of this work, although I have participated in their 

discussions with other members or collaborators of our research group. However, since 

the PIC simulations were crucial for establishing the aims of my PhD, the existence of 

this chapter becomes also crucial to a better understanding of the next ones. 

3.1 Introduction to particle-in-cell algorithms 

 Particle-in-cell (PIC) computational codes are algorithms developed to study the 

interaction in 3D systems with many particles, such as plasmas. These codes simplify the 

interactions by clustering a large number of particles in so-called cells (or macroparticles) 

evaluated according to their weight, and the interactions occur between each defined 

macroparticle, saving significant computational processing resources[163]. PIC algorithms 

usually discretize the space into a grid, while keeping the electric and magnetic fields 

(both electromagnetic and originated by charges) continuous, and then calculate the 

response of the macro particles in its self-consistent field. This process is repeated in each 

timestep of the simulation, which establishes several iteration cycles between the fields 

and the collective behavior of the particles. Figure 3.1 shows a flowchart of an interaction 

cycle, where: (1) the fields � and � are gathered from the grid for the macro particles 

position �� and added to external fields, as those from a laser pulse; (2) the particles 

respond to the total fields using the motion equations with their positions �� and momenta 

��; (3) the charge density � and current ô f the macro particles are calculated from �� and 

³�, and the particles are placed at their new positions in the grid; finally, (4) the fields � 

and � are pushed in time. 
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Figure 3.1 – Scheme of the self-consistent interaction of macro particles and electromagnetic fields 

in a discrete timestep, where the variables related to the macro particles �� and �� as well as the 
fields � and � are updated in each step. 

Source: Adapted from FBPIC algorithm & features website[164]. 

 In our research group, the simulations were performed using a derived PIC 

algorithm, the Fourier-Bessel particle-in-cell (FBPIC) originally developed by Remi Lehe 

at Lawrence Berkeley National Laboratory and Manuel Kirchen at CFEL, Hamburg  

University[164, 165]. This code is developed entirely in Python for studying plasma physics 

in relativistic regimes, being suitable for LWFA simulations. FBPIC uses an azimuthal 

Fourier decomposition in a cylindrical geometry that splits the fields into azimuthal 

powers components defined by two coordinates (&, �), while the macro particles move in 

3D Cartesian coordinates. The cylindrical decomposition helps in modeling several of the 

laser-plasma interactions, which presents a natural azimuthal symmetry. Since the grid 

calculations are done in only 2D coordinates, the FBPIC code uses less computational 

resources (time, memory, parallel processors) compared to full 3D Cartesian codes. The 

amount of computational resources spent also depends on the chosen number of azimuthal 

modes represented in each grid. A higher number of modes demands more resources, 

although it improves the modeling of the physical problem. Generally, LWFA 

simulations use three azimuthal modes.  

 Another advantage of the FBPIC code is its compatibility with GPU (graphics 

processing unit) from NVIDIA. GPUs are suitable for parallel processing of the 

algorithm, as they can run a large number of tasks simultaneously. For typical simulations 
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and modern hardware, the use of GPUs decreases the processing time by a few orders of 

magnitude. 

3.2 Simulation results for near-TW laser in SM-LWFA regime 

 In face of the potential of the PIC simulations for predicting LWFA results, our 

research group and collaborators have explored FBPIC codes with different parameters 

that attend to our joint efforts. However, the input parameters need to be in accordance 

with the feasibility in our laboratory, more specifically the Ti:Sapphire laser systems 

available and under development at IPEN that are discussed in detail in Chapter 4, which 

are expected to generate ~50 fs pulses, with ~50 mJ of energy. Thus, the simulated laser 

parameters should have peak powers around 1 TW. From these laser parameters, 

assuming that the laser pulses are focused to a ~5 µm beamwaist which is experimentally 

difficult, but it still yields non-relativistic intensity with 
: < 1 according to equation 

(2.11). In practice, the laser intensity, as well as 
:, should be even lower due to laser 

energy losses during the focalization. Under the possible laser parameters available at our 

laboratory, our group must work in the SM-LWFA regime with high-density targets 

(�6 >1019 cm-3). In the last years, our research group and collaborators have explored PIC 

simulations in this regime using laser parameters close to those mentioned above, which 

have been demonstrating the feasibility to accelerate electrons up to the MeV range. 

 In 2021, our research group and collaborators published a work[58] using PIC 

simulations to study the generation of MeV electron bunches in the SM-LWFA regime, 

driven by a few TW and sub-TW laser pulses. This kind of investigation had already been 

explored by our group since 2017, motivating the work described in this PhD thesis, and 

resulting in publications in international conference proceedings[111, 112]. In this section, 

some outcomes from the publication of 2021 are discussed in order to elucidate the further 

experimental activities of our group as well as of this thesis. 

 The simulations were performed using FBPIC, where the local plasma is 

calculated from the neutral gas using the Ammosov–Delone–Krainov (ADK) ionization 

model[166] and 3 azimuthal modes. The simulation timestep was ∆# = 89 as, and the 

volume evaluated at each timestep has a radius & = 20 µm and length ∆� = 100 µm, being 

the �-axis the laser propagation direction. The fields � an � are evaluated in a grid that 

has 3750 points in the longitudinal direction, �, corresponding to 30 points/�S, and 600 

points in the radial coordinate, &, amounting to 30 points/qFOQ (with qFOQ ≈ 1 μm being 
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the diffraction limit). Lastly, the number of particles per cell is 2 along �, 2 along &, and 

12 along &, in accordance with the developer recommendation[165]. This study assumed a 

200 µm in diameter supersonic H2 target produced by a nozzle in a vacuum. The radial 

density profile of this kind of target can be approximated by a trapezoidal profile[78] with 

symmetrical ascending and descending ramps and a central plateau. For the simulations 

of interest for this work, the ramps are 80 μm long, and the plateau has 40 µm, defining 

a total diameter of 200 µm with 120 µm of FWHM, as shown by the blue line in Figure 

3.2. The published work[58] studied the acceleration as a function of the plateau electron 

density after ionization (among other parameters), and in Figure 3.2shows the case for 

�6 = 2×1020 cm-3, along with the corresponding local plasma wavelength (red dashed line, 

disregarding local relativistic and density variation effects during the pulse propagation). 

The laser pulse propagates through the target center from the position � = 0 µm (start of 

target) and the background (outside the target) was assumed to be an absolute vacuum. 

Furthermore, once there is only an ionization per atom, the plasma density �6 should be 

the same as the neutral gas molecular density �Y for saturated ionization. 

 
Figure 3.2 – Hydrogen gas target with 2×1020 cm-3 peak density, where its plasma density 

distribution after ionization along �-axis (blue solid line) is represented along with the equivalent 

local plasma wavelength (red dashed line). 

Source: Adapted from MALDONADO, E. P., et al[58].  

 The simulated Ti:Sapphire laser pulse has an initial duration of 50 fs (FWHM) 

and its central wavelength is 800 nm. It is linearly polarized along the �-axis and starts at 

� = -50 µm. The laser beam is also assumed an ideal Gaussian with  n = 1, and it was 

focused on vacuum (without the target influence) at t � = 40 µm to a beamwaist 
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q: = 7 µm, which has a value ∼9�S and already demonstrated experimentally[56, 57, 62]. 

Regarding the laser peak power �S, the simulations were performed using five different 

values which were ¼, ½, 1, 2, and 4 TW, around the laser power range intended in our 

laboratory. In addition, the plasma peak densities (plateau density) were also varied in the 

range from �6/�E ≈ 0.006 to �6/�E ≈ 0.8, similar values to that used in the first SM-

LWFA experiments using sub-TW laser pulses[56, 62]. Table 3.1 shows the physical 

parameters used in the simulations and their variation ranges. 

 

Physical parameter Value 

  Laser initial pulse duration τS (fs) 50 

  Laser initial peak power �S (TW) ¼, ½, 1, 2, 4 

  Laser wavelength λS (µm) 0.8 

  Laser (MIV) pulse length cτS (µm) 15 

  Laser (MIV) beamwaist q: (µm) 7 

  Laser (MIV) Rayleigh length �h (µm) 192 

  Laser (MIV) normalized vector potential 
: 0.4 – 1.6 

  Laser (MIV) intensity XS (×1017 W/cm²) 3 – 50 

  Neutral gas molecular density �Y (×1019 cm-3)*  1 – 140 

  Plasma wavelength λV (µm) 1 – 10.5 

  Plasma dephasing length �`6VM (µm) 1 – 912 

 
Table 3.1 – Laser and plasma parameters used in the simulations. MIV: measured in vacuum. 

*Assuming the saturated ionization the plasma density is the same as the gas density (�6 � �Y).  
Source: Adapted from MALDONADO, E. P., et al[58]. 

 The analysis of the simulations results led to a classification of them into three 

SM-LWFA sub-regimes, which are divided according to their initial laser and plasma 

parameters. These groups with their characteristics are summarized in Table 3.2. In each 

group, the self-focusing (SF) and the envelope pulse self-modulation (SM) processes 

occurred in distinct regions of the target. Although in some configurations the laser peak 

power is smaller than the critical power for RSF (relativistic self-focusing), self-focusing 

was observed under these conditions, and can be attributed to ponderomotive self-

focusing[167, 168] and classical self-focusing[129]. In addition, only some simulations 

showed the desired laser self-channeling condition, where the self-focusing and 
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diffraction effects are counterbalanced to maintain the nonlinear wakefield stability and 

produce QME bunches. These features yielded different subsequent characteristics of the 

electron acceleration process as well as electron bunches, which represent the signature 

of each sub-regimes. It is noteworthy that there is a subtle tradeoff between laser peak 

powers and plasma plateau densities to reach the proper acceleration conditions capable 

to obtain desired electron bunches quality. 

 

First group 

Laser and plasma parameters Characteristics 

�S = ¼ TW, �6 < 5×1020 cm-3 

�S = ½ TW, �6 < 2×1020 cm-3 

�S = 1 TW, �6 < 1×1020 cm-3 

�S = 2 TW, �6 < 0.5×1020 cm-3 

�S = 4 TW, �6 < 0.3×1020 cm-3 

• SF and SM occur in the middle of the exit 
ramp, exciting a nonlinear wakefield 

• No significant self-channeling  

• Bunches duration of few fs or tens fs, and no 
QME formed 

• Under same �S, the maximum electron 
energy increases with �6 

Second group 

Laser and plasma parameters Characteristics 

�S = ½ TW, �6 ∈ [2, 3]×1020 cm-3 

�S = 1 TW, �6 ∈ [1, 3]×1020 cm-3 

�S = 2 TW, �6 ∈ [0.5, 3]×1020 cm-3 

�S = 4 TW, �6 ∈ [0.3, 2]×1020 cm-3 

• SF and SM occur at the end of the plateau, 
exciting a nonlinear wakefield 

• Subsequent self-channeling occurred  
• Bunches duration of few fs, moderate 

divergence, and QME 

• Under same �S, the maximum electron 
energy does not change significantly with �6 

Third group 

Laser and plasma parameters Characteristics 

�S = ¼ TW, �6 ≥ 5×1020 cm-3 

�S = ½ TW, �6 > 3×1020 cm-3 

�S = 1 TW, �6 > 3×1020 cm-3 

�S = 2 TW, �6 > 3×1020 cm-3 

�S = 4 TW, �6 > 2×1020 cm-3 

• SF and SM occur at the first half target, 
leading the laser beam to fade quickly which 
impairs the nonlinear wakefield formation  

• Self-channeling did not occur  
• Bunches duration of several tens of fs, low 

energy, no QME was observed 

• Under same �S the maximum electron 
energy decreases with increasing �6 

 
Table 3.2 – Summary of the SM-LWFA sub-regimes classification from the simulation results.  
Source: Adapted from MALDONADO, E. P., et al[58]. 
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 The best cases belong to the second group, which establishes a regime capable to 

achieve laser self-channeling, which allowed the formation of a continuous nonlinear 

wakefield along the entire exit ramp, yielding well-formed QME bunches. This can be 

better exemplified by analyzing the simulation results of the configuration using 

�S = ½ TW (
: ≈ 0.6) and plasma peak density �6 = 2×1020 cm-3 (~0.1�E). This 

configuration produces a maximum nonlinear wakefield at �� ≈ 140 µm, where the pulse 

has a maximum electric field as well as minimum duration (pulse fragment with length 

0!S�  ≈ 1 µm due to SM), with intensity represented by 
:�  ≈ 1.4 due to SF. Once the 

electrons are trapped in the wakefield at the beginning of the exit ramp (downramp), they 

are accelerated along it over an extension that corresponds to most of its length. Although 

the dephasing length related to the plateau density is only �`6VM ≈ 10 μm, a stretching of 

this distance occurs in the downramp due to the density decrease. Snapshots of the charge 

density in the �-� plane, �(�, �), in the middle of the downramp as well as after the end 

of the target, where electron bunches can be seen are shown, respectively, in Figure 3.3a 

and Figure 3.3b. Moreover, Figure 3.3c shows the energy spectrum of all electrons ejected 

from the target, emphasizing the contribution from the bunch highlighted in Figure 3.3a 

and b, which has mean energy of ℰR ≈ 8.4 MeV and width ΔℰR ≈ 2.6 MeV (FWHM), that 

can be classified as a QME; the remaining electrons present a quasi-exponential 

distribution with a median of 0.4 MeV. The QME bunch has a charge of j ≈ 4 pC, 

corresponding to 0.4% of the jk ≈ 1 nC total charge ejected. Similar percentages are 

maintained for other simulations in the second group. Finally, the bunches divergence can 

be evaluated from the transverse normalized rms emittance in the � and - axes[89] 

considering all the electrons leaving the target, resulting in 9G,]FH ≈ 11.5 mm⋅mrad and 

9~,]FH ≈ 9.8 mm⋅mrad. When considering only the QME bunch, the emittances drop by 

almost two orders of magnitude, to 9G,]FH ≈ 0.6 mm⋅mrad and 9~,]FH ≈ 0.3 mm⋅mrad. 
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Figure 3.3 – Snapshots of the charge density in the �-� plane from simulation configuration using 

�S = ½ TW and �6 = 2×1020 cm-3 where (a) in the middle of the downramp is shown as well as 
(b) the electron bunches leaving the target with a QME portion highlighted by the dashed 
rectangle.  Part (c) shows the energy distribution of all electrons leaving the target in a histogram 
with 120 bins over the entire energy range. The highlighted orange region of the spectrum 
corresponds to the QME electrons.  

Source: Adapted from MALDONADO, E. P., et al[58]. 

 In addition to the results exemplified in Figure 3.3, other simulations obtained 

well-formed QME bunches for different laser peak powers and plasma peak densities 

listed in Table 3.3 shows the best results, where 
:�  is the new normalized vector potential 

amplitude after SF and SM of the laser pulse, j refers to QME bunch charge, ℰR and 

ΔℰR are, respectively, the QME bunch mean kinetic energy and its width (FWHM), and 

9G,]FH and 9~,]FH are the transverse normalized rms emittance in the �-axis and --axis, 

respectively. Although these results provide a guide to generate QME bunches in the MeV 
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scale, it is worth pointing out that the outcomes are dependent on the assumed parameters 

in this study (density profile, gas species, and focalization of the laser beam), inspired in 

other experimental realizations of sub-TW SM-LWFA regimes[56, 57, 62]. 

 

+, 
(TW) 

ù´  
(1020 cm-3) 

ÍÞ�  - 
(pC) 

./ 
(MeV) 

0./ 
(MeV) 

1�,23Ü, 1Ý,23Ü 

(mm⋅mrad) 

0.5 2.0 1.4 4 8.4 2.6 0.6, 0.3 

1.0 1.6 2.7 12 11 10 1.8, 5.4 

2.0 1.6 4.4 259 4.6 4.6 7.2, 8.3 

 
Table 3.3 – Selected configurations generating well-formed QME bunches obtained at each laser 

peak power �S and a respective plasma peak density �6.  
Source: Adapted from MALDONADO, E. P., et al[58]. 

 Figure 3.4 presents the laser peak powers and plasma densities studied in our 

simulations (hatched region). All simulations with parameters that produced QME 

electron bunches, even not very well-defined ones, are indicated with dots, allowing the 

delimitation of a parameters region (inside the dashed line) that should generate QME 

bunches. 

  
Figure 3.4 – The hatched region represents the simulated laser peak powers (�S) and plasma 

densities (�6). From the QME bunches represented by dots, an interest region could be 
determined (dashed line) for further theoretical and experimental prospects.  

Source: By the author. 
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 From this study, our research group concluded that for laser peak powers in the 

interval from 0.5 to 2 TW and sub-millimetric targets with optimal peak plasma density 

around 2 × 1020 cm−3, well-formed QME bunches are produced, with mean energy in the 

range of 5–11 MeV, widths from 3 to 10 MeV (FWHM), bunch charge being ~0.5% of 

the total charge, normalized transverse emittances of a few mm⋅mrad, and low 

dependence on plasma density variation. These values are following the experimental 

results using TW and sub-TW SM-LWFA laser pulses[56, 62, 169] that have demonstrated 

QME bunch charge in the pC range, with fractional charge j/jk ≈ 0.2%[56], mean kinetic 

energy up to 20 MeV with a width from a few to several MeV. Thus, our simulation 

results motivated and guided our research group for the subsequent experimental 

activities to attend to the simulation parameter requirements, some of them developed and 

discussed in this thesis. In addition to the availability of a TW-range laser system that is 

discussed in Chapter 4, another essential demand is the creation of sub-millimetric, 

supersonic targets, produced by de Laval nozzles. Chapter 5 is dedicated to discussing 

the fabrication of micrometric nozzles capable to produce the target conditions as 

discussed in this section. 
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4 LASER SYSTEMS 

 The High Intensity Ultrashort Laser Pulses Laboratory at IPEN has two Chirped 

Pulse Amplifier[115] (CPA) systems. Those systems are described in detail in this chapter 

and both can be used for future laser-electron acceleration at IPEN and related 

experimental activities as further discussed in this thesis. In addition to a better 

understanding of the laser parameters chosen in our simulations, the laser systems 

description also is important for understanding the experimental activities of Chapters 5 

and 6. 

4.1 T-cube 

 This first laser system, T-cube, will be used by our group to conduct further 

LWFA studies at IPEN. The laser name refers to a Table-Top Terawatt (T³) system, once 

we aim to achieve TW peak power soon. This laser consists of a Ti:Sapphire main 

oscillator (Mira-Seed, Coherent - item ③ in Figure 4.1) that generates 65 fs (FWHM) 

pulses centered at 800 nm with 30 nm of bandwidth (FWHM), and 450 mW of average 

power at 78 MHz. These pulses are injected into a Ti:Sapphire multipass CPA system 

(Odin, Quantronix – item ④ in Figure 4.1), which stretches the pulses to 30 ps, amplifies 

them in 8 passes through the gain medium, and compresses them for pulse durations under 

50 fs with up to 1 mJ of energy (20 GW of peak power), at repetition rates of 1 kHz and 

submultiples of it. A programmable acousto-optic dispersive filter[170] (Dazzler, Fastlite) 

is inserted between the main oscillator and the amplifier, allowing the modulation of the 

amplitude and phase of the pulse spectrum. This modulation enables the control of the 

amplified ultrashort pulse temporal profile to optimize its interaction with matter. This 

1 mJ energy is barely enough to accelerate electrons, and a second amplification stage is 

being added to the system. For this, the amplified pulses will be extracted from the CPA 

before compression and sent into a new Ti:Sapphire amplifier that is under development 

in our laboratory, or a lamp-pumped Cr:LiSAF amplifier system (item ⑤ in Figure 4.1) 

already built in our laboratory[171, 172, 173], to generate pulses with a duration of  50 fs with 

50 mJ (1 TW power peak) after the compressor (Pulsar - item ⑥ in Figure 4.1), with a 
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repetition rate under 10 Hz. In the future, both Ti:Sapphire and Cr:LiSAF can be used in 

tandem to reach higher peak powers. 

 
Figure 4.1 – T-cube laser system. After the Odin CPA the pulses have 50 fs, 1 mJ, 1 kHz, and after 

amplification in Cr:LiSAF and compression in Pulsar the pulses achieved 60 fs, 30 mJ, 10 Hz. 
Moreover, that system will be upgraded by replacing the Cr:LiSAF with a Ti:Sapphire amplifier 
that should increase the peak power pulse above 1 TW. (a) The experimental scheme is illustrated 
and (b) Modeled experimental arrangement where the Cr:LiSAF amplifier is highlighted from a 
photo. 

Source: By the author. 

4.2 Femtopower 

 The second system consists of a Ti:Sapphire main oscillator (Rainbow, 

Femtolasers -③ in Figure 5.3) that generates laser pulses centered at 785 nm with a 

duration under 6 fs (FWHM), 370 nm of bandwidth (FWTM), 190 mW of average power 

at 78 MHz, and carrier-envelope phase (CEP) stabilization system with 250 attoseconds 

stability. This oscillator is pumped by a Coherent Verdi V6 laser (① in Figure 5.3), which 

is located inside the main oscillator cover. These pulses are injected into a Ti:Sapphire 

multipass CPA system (Femtopower Compact PRO CE-Phase HP/HR, Femtolasers -④ 
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in Figure 5.3), which is pumped by an Ascend 60 Q-switched laser (② in Figure 5.3) that 

generates 300 ns pulses at 532 nm, with 15 mJ (peak power 50 kW), operating at a 

repetition rate of 4 kHz. During the CPA process, the pulses are amplified in 9 passes 

through the gain medium and then compressed to less than 25 fs (FWHM) with up to 

650 µJ of energy (~26 GW of peak power), centered at 780 nm, with over 40 nm of 

bandwidth (FWHM), up to 4 kHz repetition rate, and beam with laser quality factor 

 n ≈ 1.2. This CPA system also can be CEP stabilized. Furthermore, the amplified pulses 

can be injected into a hollow fiber inside a high-pressure neon chamber (2 bar), where 

their spectrum is broadened, so the pulses can be compressed to less than 6 fs by an 

arrangement of chirped mirrors[174], with a pulse energy of 350 µJ (peak power about 

60 GW). The CEP stabilization system, of little relevance for the <25 fs pulses, is 

fundamental in this regime (< 6 fs) and is implemented in the system. Although this laser 

system has less peak power than the T-cube, laser electron acceleration with 6 fs might 

be convenient to achieve the blowout regime with pulses of a few cycles, strongly focused 

to a ~2 µm beamwaist, and at high-density targets. However, this alternative is not a 

priority for our group since keeping the CEP stabilization in a long and complex beamline 

is a difficult experimental task. In addition, the peak power of about 60 GW should be 

low enough to generate MeV electrons since the required densities close to the critical 

one to reach the relativistic self-focusing, equation (2.60), abruptly decreases the 

dephasing length �`6VM. 

 
Figure 4.2 – Femtopower laser system, after CPA system the pulses have 25 fs, 650 µJ, 4 kHz, and 

after hollow fiber held and chirped mirrors the pulse can achieve 6 fs, 350 µJ, 4 kHz. (a) The 

experimental scheme is illustrated and (b) a photo of the experimental arrangement. 

Source: By the author.  
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 Femtopower laser pulses have been largely employed in this thesis, for 

micromachining the de Laval nozzles (as described in Chapter 5) and in the development 

of a home-built Mach-Zehnder-like interferometer for pump-probe measurements in gas 

jets and laser-induced plasma (as described in Chapter 6). Therefore, the characterization 

of those laser pulses is essential in this work. Figure 4.3 shows the amplified laser pulse 

spectrum measured by a compact CCD grating spectrometer[175] (Fiber Spectrometer), 

and the pulse duration measured by an interferometric autocorrelator[176] (Femtometer, 

Femtolasers). The pulse spectral center of mass is calculated from its spectrum (Figure 

4.3a) by: 

 ��� � � Ï [Ð(Ï) `Ï:;#;
�  [Ð(Ï) `Ï:;#;

, (4.1) 

where XS(�) is the laser intensity spectrum.  

 
Figure 4.3 – Measurements of the (a) bandwidth ∆�S (FWHM), spectral center of mass ���, and (b) 

pulse duration !S (FWHM) from Femtopower laser pulses after amplification. 

Source: By the author.  
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5 MICROMETRIC DE LAVAL NOZZLES 

 According to PIC simulations results[58, 111, 112] and our group proposals[101, 102], 

there is an urging to generate high-density (~1020 cm-3) supersonic gas jets with diameters 

around 100-300 µm for further SM-LWFA experiments at IPEN. As discussed in Chapter 

1, this kind of gaseous target can be generated by de Laval nozzles[50, 70] with exit 

diameters close to this range. As illustrated in Figure 1.3, these nozzles present a simple 

converging-diverging geometry capable to accelerate a gas from a high-pressure backing 

chamber into a supersonic jet at their exits. These supersonic gas jets produce appropriate 

flat-top targets with well-defined high-density regions, making de Laval nozzles largely 

explored for laser-plasma interactions experiments such as LWFA. However, a lack of 

availability of those nozzles with micrometric dimensions makes its fabrication an 

attractive research topic still little explored in LWFA[77, 78]. In this chapter, the 

manufacturing method of micrometric de Laval nozzles, developed during this PhD, is 

discussed along with the characterization of the manufactured nozzle features. 

5.1 De Laval nozzle quasi-1D model  

 Important properties of the supersonic jets generated by de Laval nozzles can be 

estimated in a first-order approximation by a quasi-1D model[177] that assumes an 

isotropic flow. Using this model, the ratio between the nozzle exit and throat areas, <6/<L, 
the molecular density drop from the backing chamber to the nozzle exit, �Y/�Y,:, and the 

gas jet divergence angle, θ� (in radians) are obtained as function of the gas Mach number, 

Μ, as shown in equations (5.1),(5.2), and (5.3), respectively, while the mass flow rate, ṁ, 

only depends on the throat area and the gas properties, as shown  in equation (5.4): 

 
<�
<ä = m

= ¿ný(>¤m)=²
>ým À

?:Ö
²(?#Ö)  (5.1) 

 
Q�

Q�,É � m
= ¿ >ým

ný(>¤m)=²À
Ö

?#Ö (5.2) 

 θ� = 1/Μ, (5.3) 
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 ṁ = <LgY,:� >
ℛk�,É ½ n

>ým¾
?:Ö

²(?#Ö), (5.4) 

where gY,:, .Y,:, and �Y,: are the gas pressure, temperature, and molecular density in the 

backing chamber, ℛ is the specific gas constant, and � = 0?/0@ is the ratio of the specific 

heats of the gas at constant pressure, 0?, and constant volume, 0@. The model assumes a 

cylindrical symmetry, so the areas ratio can be substituted by the squared ratio between 

the exit and throat diameters. Typically, this model is a good prediction for the gas jet in 

the immediate vicinity of the nozzle exit, thus the following equations are largely 

employed as a first approach to design a nozzle[78, 177]. However, although this theoretical 

model presents satisfactory agreement with experimental results, it does not consider 

other geometrical features such as the lengths of the converging and diverging sections 

of the nozzle, their curvatures, and the roughness of the nozzle internal walls; all of these 

affect the jet profile and are second-order corrections, being better explored by 

computational fluid dynamic (CFD) simulations[117, 138, 178].  

 In the quasi-1D model described, it is worth noting that the Mach Number Μ at 

the nozzle exit is an important design parameter to manufacture nozzles. It defines the 

nozzle throat and exit diameters by equation (5.1), capable to generate targets with the 

desired densities from equation (5.2), and flat-target opening angle from equation (5.3). 

Figure 5.1 presents two graphs containing the dependence on the Mach Number of the 

ratio of the nozzle exit and throat areas, <6/<L, and of the ratio of the maximum gas 

density at the nozzle exit and backing chamber, �Y/�Y,:, for N2. Both graphs are 

commonly used as references to determine the nozzle exit and throat diameters based on 

the Mach number (Figure 5.1a) and gas molecular density (Figure 5.1b). 

 
Figure 5.1 – Quasi-1D model dependence on the Mach Number of (a) the ratio between the nozzle 

exit and throat areas, and of (b) the ratio between the maximum gas molecular density at nozzle 

exit and backing chamber for N2. 

Source: By the author. 
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5.2 De Laval nozzle manufacture 

 To fabricate micrometric de Laval nozzles, different approaches using ultrashort 

laser pulses micromachining were explored in this work. Ultrafast laser micromachining 

was chosen because this technique promotes micrometric precision etching while keeping 

the material properties. This preservation is due to the ultrafast, non-linear interaction of 

the ultrashort pulses with the matter, which results in an almost non-thermal ablation that 

does not promote phase transitions in the vicinity of the etched area, producing an almost 

non-existent heat affected zone (HAZ)[179, 180]. The ablation process in a solid starts when 

the ultrashort pulse reaches intensities that ionize a significant portion of the material 

atoms by a nonlinear process. These seed electrons are accelerated into a quivering 

motion by the pulse electric field, inducing an exponential increase of the free electrons 

population by impact ionization, a process known as avalanche[179]. This avalanche leads 

to the material breakdown when the free electrons density reaches ~1021 cm−3, 

corresponding to the critical density for the laser wavelength, at which they become 

highly absorptive and are heated, then quickly transfer the acquired energy to the 

surrounding ions within the electron-phonon coupling time, minimizing the ions heating. 

This relaxation abruptly creates an unstable phase that undergoes a violent adiabatic 

expansion, called phase explosion[181, 182], which removes material from the surface 

carrying most of the thermal energy with it, generating a minimal HAZ. The material 

ablation also can occur due to the ionic Coulomb explosion[183, 184], which results from 

the charge imbalance caused by the ejection of surface electrons. Both ablation 

mechanisms can take place simultaneously and their relative contribution depends on the 

pulse characteristics and on the  material, with phase explosion predominating in 

metals[185]. Furthermore, the seed electrons origin also depends on the material: while in 

metals they are the conduction band free electrons, in dielectrics and semiconductors 

those electrons are produced from the valence band by ionization mechanisms such as 

multiphoton or tunneling ionization[186, 187]. Once the free electrons are present, the 

exponential avalanche evolves deterministically in almost the same way in all 

materials[188]. Therefore, ultrafast laser micromachining ensures a non-selective ablation 

(occurring in any material), where the only essential parameter that has to be known to 

etch material is its ablation threshold fluence, ℱLM. As a general rule, at the same laser 

conditions, nonmetallic materials present higher ablation thresholds than metals since a 

portion of the laser energy is used to ionize the valence band electrons[189]. 
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 Ultrashort pulse ablation produces naturally diverging holes due to the focused 

beam converging geometry and the pulse energy losses as the ablation depth in the 

material increases[179, 190], producing directly the geometry of a de Laval nozzle. All these 

features make ultrafast laser micromachining ideal for fabricating nozzles for our 

experiments. Thus, de Laval nozzles were initially manufactured on metallic substrates 

using ultrafast laser micromachining by the percussion method[116, 119]. Figure 5.2 presents 

topographic maps obtained by optical profilometry (Zegage, Zygo Inc.) of a typical 

nozzle exit and throat on a 0.5 mm thickness copper substrate, manufactured by laser 

pulses with an energy of ℰS = 150 µJ that were focused by an f  = 50 mm achromatic 

doublet. This method, in conjunction with the low ablation threshold of metals 

(ℱLM ≈ 0.05 J/cm²)[189, 191], produced non-circular and asymmetric holes. This is caused by 

spatial inhomogeneities in the laser beam arising from deviations from the ideal Gaussian 

profile and the presence of hot spots, producing a transversal intensity distribution that 

does not have cylindrical symmetry; this profile is projected on the surface being 

machined, and ablation occurs inside the isointensity contour defined by the material 

ablation threshold, resulting in a perforation that follows the beam intensity asymmetric 

distribution.  

 
Figure 5.2 – Profilometry maps of a submillimetric de Laval nozzle manufactured on a 0.5 mm 

thickness copper substrate. (a) ∅6 ≈ 160 µm exit diameter. (b) ∅L ≈ 40 µm throat diameter. 

Source: By the author. 

 The results exhibited in Figure 5.2 lead our group to look for other approaches to 

manufacture nozzles aiming to get circular holes. This was obtained by modifying the 

machining process from percussion to trepanning, and replacing the metallic substrates 

with dielectric materials[116, 180, 192]. The trepanning method rotates the substrate in which 

the nozzle is being manufactured, while the laser acts as a cutting tool displaced from the 

rotating axis, smoothing out the laser beam inhomogeneities and preserving the 
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cylindrical symmetry. Additionally, it allows deeper ablation into the substrate by 

creating flat surfaces for successive pulses, significantly reducing the loss of energy by 

reflection at grazing incidence in the etched walls. Meanwhile, replacing the metallic 

substrates with dielectric ones with two orders of magnitude higher ablation thresholds 

(ℱLM ≈ 5 J/cm²)[189, 193], ensures a more accurate etching since the material is less sensitive 

to laser intensity fluctuations. The dielectric chosen for fabricating the nozzles was 

alumina (Al2O3) ceramic due to its mechanical properties (high mechanical and flexural 

strengths, hardness, capable of supporting elevated gas pressures), and availability.  

 A trepanning setup connected to the Femtopower laser was developed and built. 

The ultrashort pulses are directed to this setup, shown in Figure 5.3. This arrangement is 

composed of a rotating DC electric motor coupled to a 3-axis computer-controlled 

micrometric positioning system (Newport UTS100C) mounted in a XYZ configuration. 

The motor rotates at ~50 RPM, its axis is parallel to the laser propagation direction, and 

an achromatic doublet focuses the laser pulses orthogonally to the surface of the substrate 

holder. Alumina plates with 0.6 mm thickness are placed in the substrate holder, and when 

the DC motor rotates, the laser etches a circular hole on the alumina surface by trepanning, 

and after the appropriate time, the laser trespasses the plate, producing a highly circular 

de Laval nozzle in it. It is noteworthy that before the substrate is etched, some 

experimental machining parameters must be set for better control of the ablation process. 

These parameters are discussed in detail in Section 5.3.  

 
Figure 5.3 – Home-built trepanning setup. (a) rotating motor coupled to the 3-axis micrometric 

positioning system (XYZ translator). (b) ultrafast laser micromachining on an alumina plate 

fixed to the substrate holder. In each figure, a different achromatic doublet is shown: (a) 

f  = 75 mm and (b) f  = 30 mm. 

Source: By the author. 
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 After a de Laval nozzle is etched, the alumina plate is moved laterally by 1 mm, 

and the laser cuts a 2 mm diameter disk with the nozzle exactly at its center (Figure 5.4a). 

From the alumina disk, we can characterize the exit and throat diameters and circularity 

by optical profilometry, and the morphology of the nozzle internal walls by scanning 

electron microscopy (TM3000, Hitachi Inc). Following these steps, the alumina disk is 

glued to the tip of a metal part, as shown in Figure 5.4b, using a vacuum compatible epoxy 

glue (Torr Seal or Hysol) that has a breaking tension above the one exerted in the alumina 

disk by a pressure of 50 bar. The metal part has a 1 mm hole through it, defining the 

backing chamber after the tip is connected to the gas line. Figure 5.4c schematizes the 

nozzles and metallic part projects.  

 
Figure 5.4 – Steps of the gas nozzle preparation: (a) a 2 mm diameter alumina disk with a de Laval 

nozzle at its center is cut, and then (b) the alumina disk is glued to the tip of the metal part to be 

connected to the gas line. (c) Project of the de Laval nozzles mount with dimensions in mm.  

Source: By the author. 
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 The metal part design, shown in Figure 5.4c, was chosen to be easily connected 

to a ¼" diameter copper tube (Figure 5.5a) for a continuous gas flow, or to a pulsed valve 

through a metallic adapter (Figure 5.5b) for controlled gas shots. As discussed in Chapter 

6, the gas jets generated by the manufactured nozzles were initially characterized using a 

continuous flow in atmosphere, and afterwards in pulsed mode, in vacuum, with backing 

pressures up to 50 bar. 

 
Figure 5.5 – Manufactured nozzle connected to the gas line through (a) a ¼" diameter copper tube 

and (b) a pulsed valve with a metallic adapter. 

Source: By the author. 

5.3 Characterization of the manufactured de Laval nozzles 

 We currently have manufactured more than 40 de Laval nozzles with exit 

diameters in the range of 120-450 µm, and throat diameters of 15-250 µm, being these 

values measured from their optical profilometry topographic maps. As exposed in 

equations (5.1) and (5.2) on a first approximation, the exit and the throat areas of the 

nozzle define the Mach number, which determines the gas density near the nozzle exit. 

Our group experimentally observed that the exit and the throat areas depend on the 

following machining parameters: (1) doublet focal length, (2) laser pulse energy, (3) 

beamwaist position in the substrate, and (4) exposure time after boring the nozzle. The 

focal values explored were 30, 50, 75, 150, and 250 mm. Considering the laser beam 

diameter at the doublet as 8 mm, we could estimate the focused beamwaist for each focal 

length, evaluating the laser intensity along with the pulse energy value on the substrate 

during the ablation process. Meanwhile, the laser pulse energies that were explored are in 

the range of 250-600 µJ. Furthermore, the beamwaist position in the substrate (at its 



MICROMETRIC DE LAVAL NOZZLES | 60 
 

surfaces, or inside it), determines the laser intensity distribution in the confocal volume, 

and, consequently, the ablation geometry profile. This parameter is easily controlled by 

the micrometric positioning system. Finally, the exposure time is also easily controlled 

by a shutter that blocks the laser pulses. We observed that increasing the exposure time 

after the laser trespasses the plate enhances the circularity of the exit and the throat, and 

also improves the internal wall roughness. Thus, before starting the laser micromachining 

on the alumina substrate, those machining parameters had to be studied to fabricate 

nozzles with the desired characteristics. The other experimental parameters were kept 

fixed during this investigation, including the electric motor rotation (~50 RPM) along 

with the pulse duration (25 fs FWHM) and repetition rate (4 kHz). It is worth emphasizing 

that during this investigation, a significant accumulated experience about the machining 

parameters was also due to nozzle fabrication processes that failed, due to reasons such 

as low intensity that prevented ablation, big exit diameter (> 500 µm), noncircular holes 

due to laser misalignments with rotation of the machining setup, among others. In this 

section, nozzle manufacturing results are presented along with a discussion about the four 

machining parameters explored, aiming to establish protocols to produce micrometric 

nozzles for further LWFA studies. 

 The nozzles produced typically have high cylindrical symmetry, demonstrating 

the high quality and precision of the trepanning machining process, allied to the use of 

alumina. Figure 5.6 shows the profilometries of the exit (∅6 = 135 µm) and throat 

(∅L = 45 µm) for a typical micrometric nozzle. The machining parameters for this nozzle 

fabrication were 480 µJ pulses focused by the 75 mm focal length doublet, and an 

exposure time of 15 s after boring the nozzle. During this manufacture, the beamwaist 

was initially placed in the center of the alumina plate, and during the ablation process, it 

was progressively moved to the plate back-face to increase the throat diameter. This 

strategy promotes a significant throat enlargement that yields a higher gas flow, suitable 

for our proposes. However, the drawback is the decrease in the Mach number. 
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Figure 5.6 – Micrometric de Laval nozzle profilometry. (a) ∅6 = 135 µm nozzle exit diameter. (b) 

∅L = 45 µm nozzle throat diameter. 

Source: By the author. 

 The nozzle diameters shown in Figure 5.6 result in a Mach number of about 4.0 

when using nitrogen (with � = 1.47), as illustrated in Figure 5.1a, and from equation (5.2) 

this nozzle produces a gas molecular density of 1.7×1019 cm-3 at the nozzle exit for a 

backing pressure of 50 bar, where �Y,: ≈ (50 bar)×(2.5×1019 molecules/cm-3), the latter 

term being the molecular density of an ideal gas at 300 K and 1 atm and assuming that 

1 atm = 1 bar for practical purposes. Although our simulations discussed in Section 3.2 

point out to use of simpler gases such as H2 or He as targets, for the experimental activities 

discussed in this thesis N2 has advantages once it presents safer handling than H2, which 

is highly flammable, and is less expensive than He. In addition, N2 presents a higher 

refractive index than simpler gases[194] that makes its optical diagnostics characterization 

easier, as discussed in Chapter 6, and recently, successful LWFA experiments were 

demonstrated using micrometric pure N2 jets[61, 195]. Regarding the choice of the backing 

pressure of 50 bar, this value creates targets with adequate plasmas densities for our 

purposes in conducting SM-LWFA experiments with high-density targets, as well as 

being the maximum backing pressure tolerated by the pulsed gas valve, also discussed in 

Chapter 6. 

 Figure 5.7 exhibits micrographies of another nozzle using scanning electron 

microscopy (SEM). Both the nozzle exit (∅6 = 170 µm) and throat (∅L = 30 µm) are 

visible in Figure 5.7a. This de Laval nozzle was manufactured by 400 µJ pulses, an 

achromatic doublet with f  = 30 mm, the beamwaist position in the center of the alumina 

plate, and 30 s of exposure time. The structures inside the nozzle are debris that are easily 
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removed by ultrasound cleaning, and the nozzle internal walls are very smooth, with 

smaller roughness than that of the alumina surface, which is clearly observed in the exit 

nozzle edge exhibited with higher magnification in Figure 5.7b. Those characteristics 

indicate a change in the alumina structure during the ablation process probably due to the 

melting and ressolidification of the ceramic grains[116, 196, 197], a consequence of residual 

heat due to elevated pulse energy and high repetition rate. The ressolidification melts the 

alumina grains[198], and the surface tension of the liquid phase formed flattens its surface, 

producing low roughness and smooth walls, which should decrease turbulences in the gas 

jet.  

 
Figure 5.7 – SEM micrographies of de Laval nozzle with ∅6 = 170 µm and ∅L = 30 µm. (a) view of 

the entire nozzle. (b) detail of the nozzle exit edge, highlighting its smooth walls with smaller 

roughness than the alumina surface. 

Source: By the author.  

 Regarding the machining dependence on the achromatic doublet focal length, the 

best results were obtained using f  = 75 mm, which presents a good relation in achieving 

the laser intensity needed for ablation, as well as distributing this intensity volumetrically 

inside the 0.6 mm thick in order to bore it. The investigation points out that intensities 

above 1015 W/cm2 are needed to bore through the alumina plate due to the energy loss 

during the machining process (grazing incidence). Thus, the smaller focal length doublets 

(30, 50, and 75 mm) are more suitable for etching the substrate since they can easily 

exceed this intensity with the used pulse energies (≤ 600 µJ). Additionally, the focal 

length has another crucial role in establishing the confocal volume into the substrate, 

which corresponds to how the intensity of the laser is distributed in the alumina plate. 

Thus, the shorter lenses define smaller confocal parameters such as ~0.1 mm (f   = 30 mm) 

and ~0.3 mm (f   = 50 mm), which are under half of the alumina plate thickness. 
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Therefore, when using these doublets, the beamwaist should be placed at the center of the 

plate to reach a condition to bore it, and small pointing fluctuations of the laser can impair 

the manufacture. The f   = 75 mm doublet produces a ~0.6 mm measured confocal 

parameter, close to the alumina thickness, allowing more reproducibility and different 

beamwaist positions in the substrate for the manufacture. We even manufactured nozzles 

with doublets of f   = 150 and f   = 250 mm, but the reproducibility was not good, and the 

time to bore the nozzle could surpass 1 hour due to the smaller intensities. 

 As the machining process is strongly dependent on the achromatic doublet focal 

length to achieve the proper intensity to bore the alumina plates, it impacts the laser pulse 

energy. Therefore, for the doublet of f   = 75 mm, the best results (smaller nozzle exit and 

throat diameters, high circularity, and smooth walls) were obtained using ℰS ≈ 400 µJ, 

being the same pulse energy value also observed for f   = 50 mm. However, for doublets 

with f   = 30 mm, the energy was ℰS ≈ 300 µJ, and for longer focal lengths (f   = 150 mm) 

more than 500 µJ were needed. 

 Concerning the beamwaist position in the alumina plate, when it is positioned at 

the plate front-surface (processing laser entrance, corresponding to the nozzle exit), the 

laser hardly bored the alumina plate due to the decreasing intensity inside the plate (beam 

divergence) and the energy losses during the ablation. Moving the beamwaist to the plate 

back surface (processing laser exit, nozzle throat), an increase in the exit and throat 

diameters was obtained, producing, usually, an exit diameter above the desired value 

(> 200 µm). The smallest diameters were produced when the beamwaist was positioned 

at the center of the alumina plate, resulting in the best energy distribution inside the 

substrate. We could observe that the gas jets generated by the nozzles manufactured with 

this strategy exhibit a smaller Mach number than the theoretically predicted by equation 

(5.1). The reason for this comes from the curvature of the nozzle diverging section that, 

in second-order approximation, affects the jet Mach number. Figure 5.8 presents a SEM 

micrography of the cross-section of a de Laval nozzle cleaved along its length. This 

nozzle was fabricated with the beamwaist positioned in the center of the alumina plate, 

which contributed to shape the nozzle as a convex trumpet, the curvature that presents the 

smaller Mach number for a given throat and exit diameters ratio[199]. Recently, we started 

to manufacture de Laval nozzles initially positioning the beamwaist at the center of the 

plate, and quickly moving it to the plate back surface (nozzle throat), as done with the 

nozzle exhibited in Figure 5.6. This new strategy contributes to a change in the nozzle 
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shape, approaching it to a concave bell, the curvature that generates higher Mach 

numbers[199].  

 
Figure 5.8 – SEM micrography of the transversal profile of a de Laval nozzle manufactured with the 

beamwaist at the center of the alumina plate. 

Source: By the author. 

 The last machining parameter explored was the exposure time after boring the 

nozzle. This parameter proved to be crucial for improving the smoothness of the nozzle 

internal walls by the probable melting and ressolidification process. In order to create a 

very smooth wall with low roughness, exposure times above 10 s are needed for the 

typical machining parameter used in this work. Figure 5.9 shows two manufactured 

nozzles with similar exits and throats diameters (∅6 ≈ 160 µm and ∅L ≈ 40 µm) and 

similar machining parameters (f  = 30 mm, ~400 µJ, and beamwaist positioned in the 

center of the alumina plate), except for the exposure time after boring the nozzle. In Figure 

5.9a this exposure time was 30 s and in Figure 5.9b was only 3 s. For the smaller exposure 

time, the nozzle internal walls present periodical structures created by the trepanning 

micromachining, which were not smoothed by the melting and ressolidification process 

due to the lower exposure time. Thus, this investigation concluded that the residual heat 

necessary for the melt and ressolidification is more present after the nozzle is bored, since 

the exchange of temperatures between the plasma and atmosphere air becomes more 

frequent, increasing the ressolidification occurrences.  
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Figure 5.9 – SEM micrographies of nozzles manufactured with a) a long (30 s) and b) a short (3 s) 

exposure time after boring the nozzle. 
Source: By the author. 

 Based on the outcomes of this investigation, a good set of machining parameters 

for manufacturing nozzles adequate to our goals is f   = 75 mm, ℰS ≈ 400 µJ, beamwaist 

initially positioned at the center of the alumina plate and then quickly moved to the plate 

back surface, and exposure time after boring the nozzle > 10 s. A more complete 

investigation also would study the contributions of those parameters in the machining 

process, which could provide a different protocol for micrometric nozzles fabrication. 

However, for our group goals requirements this investigation proved to be adequate, 

obtaining de Laval nozzles with desired diameters ranges and very smooth internal walls.  

The next step in nozzle characterization is to verify if their supersonic gas jets obey 

the theoretical predictions as well as the target requirements in our simulations for SM-

LWFA experiments. Chapter 6 is dedicated to discussing the implementation of 

interferometric techniques to diagnose these targets. 
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6 INTERFEROMETRY DIAGNOSTIC 

 As mentioned in Chapter 1, after the fabrication of micrometric de Laval nozzles, 

the next step is to develop non-disturbing optical techniques to characterize the supersonic 

gas jets and, subsequently, laser-induced plasmas created in these jets. During this PhD, 

our group decided to explore interferometry as the main diagnostic method for the targets 

once this technique provides a well-accurate density profile, which is valuable 

information for characterizing LWFA systems, and providing data for PIC simulations. 

This chapter is dedicated to discussing the efforts for establishing a time-resolved 

interferometric setup in our laboratory at IPEN, to characterize the density of gas targets 

and of laser-induced plasmas during their temporal evolution, covering also an original 

investigation about the plasma evolution in air. 

6.1 Interferogram analysis to retrieve the density information 

 An interferometer consists, typically, of a laser that is split into two beams: one 

propagates through the sample under investigation, and the second beam is the reference. 

Among different interferometer designs, the split can occur before the interaction with 

the sample, which results in two arms named diagnostic (DIAG) and reference (REF) 

beams, as in Michelson, Fizeau, and Mach–Zehnder interferometers[93, 200]. In another 

class of configurations, known as shearing interferometers, there is only one beam, which 

propagates through the sample and is splitted after it, and an undisturbed part of the beam 

is used as a reference, like in biprisms and Nomarski interferometers[93, 201]. Independently 

of the configuration details, the sample imprints a phase shift on the beam that propagates 

through it, and when this beam is recombined with the reference one, the accumulated 

phase produces a bending (shift) in the interference fringe pattern[200].  

 The analysis of an interferogram containing a sample, such as a gas jet or a plasma 

(typical targets in LWFA), to determine its density distribution requires a mathematical 

procedure that can be computationally implemented using various algorithms. A common 

workflow used to retrieve the target density starts obtaining two interferograms, one 

containing the target information, and another one (reference) of the same region, but 

without the target, and then selecting the same region of interesting (ROI) in both 
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interferograms. Assuming the presence of disturbances such as optical irregularities and 

airflow, which add unwanted phases, the bi-dimensional interferograms fringes intensity 

distributions containing the target, XLD], and the reference, X]6\, information can be 

described, respectively, by the following equations[202]: 

 XLD] � XJY + X\] cos [$ED] ¶ $`OH ¶ $HDF], (6.1) 

 X]6\ � XJY ¶ X\]′ cos [$ED] ¶ $`OH], (6.2) 

where XJY is the background intensity and X\] is the interference fringes intensity 

envelope, which differs between equations (6.1) and (6.2) due to the target presence. The 

terms within the cosines are originated from the phase accumulated in the sample (target), 

$HDF, which will provide the target density distribution, the laser wavelength (carrier) 

phase, $ED], and the unwanted disturbances phase, $`OH. Both interferograms are 

transformed to the frequency domain by 2D fast Fourier transforms (2D-FFT), which 

yield the intensities XALD] and XA]6\. Then, in each 2D frequency map, Gaussian filters are 

applied over the region that contains only the target fringes information[202], eliminating 

the background intensity frequencies. Bidimensional inverse fast Fourier transforms (2D-

IFFT) are then applied to each filtered map, which returns new 2D complex maps of the 

interference fringes in the spatial domain, defined as XLD]�  and X]6\� . The phase information 

contained in the argument of those new maps can be extracted by the ratio between its 

imaginary (ℑ) and real (ℜ) parts according to: 

 $LD] � $ED] ¶ $`OH ¶ $HDF � #
�¤m ¿ℑ([ä�DE )
ℜ([ä�DE )À, (6.3) 

 $]6\ = $ED] + $`OH = #
�¤m �ℑ([D�FE )
ℜ([D�FE )�. (6.4) 

Once the phase information in each map is extracted, to obtain the accumulated phase 

(integrated phase along the probe beam path) related to the gas jet, ∆$, is necessary to 

subtract (6.4) from (6.3) as[202, 203]: 

 ∆$ = $LD] − $]6\ = $HDF. (6.5) 
The FFT algorithms produce phase data within the 2π range, due to the use of 

tangent functions in equations (6.3) and (6.4), generating phase discontinuities, which 

should be corrected using phase unwrapping algorithms[204]. The 2D maps obtained by 

the described methods contain the whole accumulated phase (integrated phase) by the 
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DIAG beam propagation through the target, here defined as the � direction. This 

definition results in the accumulated phase map in the -�-plane, denoted by ∆$(-, �). 

 Assuming an axisymmetric (cylindrically symmetric) target, such as a gas jet as 

illustrated in Figure 6.1, the integrated phase along the �-axis is sufficient to reconstruct 

the radial phase  ∆%] using techniques such as the Abel inversion method[203, 205]: 

 ∆%] � µ m
� � `∆o

`G
`G 

√G²¤]²
ú

]  , (6.6) 

where & � √�n + �n, according to the coordinates as defined in Figure 6.1. The radial 

phase Δ%] is generally used considering that imperfections in the cylindrical symmetry 

of real targets are second-order corrections and can be neglected. It is noteworthy that the 

unit of the radial phase shift ∆%] is rad/m. Otherwise, for targets with non-cylindrical 

symmetry, there are more complex techniques, such as variations of Abel inversion for 

non-symmetric targets[206] and tomographic methods[207, 208] that combine measurements 

of the target along different axes to provide more realistic phase maps. 

 
Figure 6.1 – Illustrative scheme of the Abel inversion method with a cylindrically symmetric gas 

jet: The gas jet integrated phase shift ∆$ imprinted in the probe beam is used to recover the radial 

phase ∆%] height ℎ and radius �. 

Source: By the author. 

 From the radial phase map obtained using equation (6.6) and assuming an ideal 

background vacuum with refractive index equal to 1, the gas jet radial refractive index � 

can be obtained by: 
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 � � 1 ¶ ∆GD Ï�D
n � , (6.7) 

where �V] is the probe wavelength that refers to the laser inspecting the gas jet or laser- 

induced plasma. Moreover, the molecular gas density distribution, �Y, can be evaluated 

from the jet refractive index using the Lorentz-Lorenz relation[209, 210]: 

 �Y � Ô
¥ � H ½�²¤m

�²ýn¾, (6.8) 

where α is the gas molecular polarizability. Figure 6.2 presents an illustrative scheme of 

the data processing steps contained in our homemade algorithms from the interferograms 

acquisition to gas jet density distribution. 

 
Figure 6.2 – Schematic interferogram analysis steps for determining gas jet radial density profiles.  

Source: By the author. 
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 To determine the density distributions of laser-induced plasmas from 

interferograms, procedures similar to those applied for the gas jets can be used, just 

changing the expression that relates the plasma density to its refractive index. Thus, the 

plasma electronic density, �6, can be evaluated from its refractive index by[211]:  

 �6 � ¥ �²E²ðÉF�
6²Ï�D²  I1 µ �VnJ, (6.9) 

which is a derivation of the equation (2.43) where, �V is the plasma refractive index 

obtained from equation (6.7). This simple model assumes that there is no variation of �6 

across the plasma diameter due to differences in the local number of ionizations. 

 In our group, the first algorithms for interferogram analysis were implemented 

using the Wolfram Language in the Mathematica Software (Wolfram Research). 

Recently, the interferogram analysis was greatly improved by our group by creating a 

dedicated code in Python, using its scientific libraries, such as the Abel inversion 

method[212] present in the PyAbel package[213]. As a result, a homemade software to 

retrieve the density profile of gas jets, with a graphical user interface (GUI), named 

INTERFEROGRAM ANALYSIS GASJET, was made available in the Zenodo platform[214] as 

an installable software. Similarly, another homemade GUI software was developed to 

retrieve the density profile of laser-induced plasmas, named INTERFEROGRAM ANALYSIS 

LIP, also made available in the Zenodo platform[215]. All the results presented here were 

obtained with these softwares, except where noted. 

 Concerning the uncertainties of the retrieved density profiles from either gas jets 

or laser-induced plasmas, the homemade software has algorithms for their evaluation. The 

first error source comes from small differences between the target and reference 

interferograms, which can be described by the probability distributions of the intensities 

and phase derivatives of two intensity fringes patterns[216]: 

 '�o � �� 
nK �〈[ä�D〉I[ä�Dý[D�FJ

n[ä�D[D�F �m/n
, (6.10) 

where y is related to the displacement between the 2D interferogram (target and 

reference), v is the fringe wavelength, and 〈XLD]〉 and 〈X]6\〉 are the fringes average 

intensity distribution in the target and reference interferograms. Both y and v values are 

extracted from each line (- coordinate) of the interferogram by appropriate algorithms.  

 The second error source is related to the accuracy of applying the inverse Abel 

transform that depends on the symmetry degree of the integrated phase shift map. This 
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uncertainty can be determined for the dth line of the phase map from the correlation 

between the radial phase, �Δ%]]O, and the normalized integrated phase, ‖Δ$‖O, according 

to[217]: 

 ('MJ6a)O = ℜ(‖Δ$‖O µ [Δ%]]O) = ·(‖Δ$‖O µ [Δ%]]O)n, (6.11) 

where the index d represents the line position on the symmetrical axis of 2D Δ$ and Δ%] 

maps, as illustrated in different lines in Figure 6.3. 

 
Figure 6.3 – Example of the determination of the 'MN¯O: (a) typical 2D Δ%] map of a gas jet, (b) the 

2D 'MN¯O map determined from the correlation between Δ%] and ‖Δ$‖ for the lines extracted 

from (a), as exemplified by the two lines in the positions (c) - = 0, and (d) - = 400 µm. Similar 

processes are used for laser-induced plasmas analysis.  

Source: By the author. 

 The last error source is related to the probe beam Gaussian bandwidth, being its 

standard deviation: 

 '��� � 0.42 ∆λ|}, (6.12) 
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where ∆λ|} is the probe bandwidth (FWHM). Using CW laser beams as a probe, the '��� 

value can be neglected since those lasers have a typical bandwidth under 0.01 nm. 

However, when probing with ultrashort laser pulses, the '��� contribution becomes 

crucial once they have large bandwidths, as shown in Section 6.3. Each of the three error 

sources are taken into account in our homemade algorithms, being their contribution to 

the gas jet density maps provided through the error propagation in each step of the data 

processing. Determining the relative weights of each source of uncertainty in the final 

result is not an easy task, and this analysis is being done in a manuscript in preparation 

for publication[218]. 

6.2 Implementation of a CW Mach-Zehnder interferometer to 

measure gas jets 

 To characterize typical LWFA targets such as gas jets and plasmas the Mach–

Zehnder and Nomarski interferometers are largely employed, each with different 

advantages depending on their application. For our purposes, the MZI offers the following 

advantages over the Nomarski interferometer[125]: (1) greater control over the spacing and 

orientation of the interferogram fringes, once the wavefront of each arm can be 

individually controlled, (2) better control over the interferogram resolution since it 

depends only on the imaging system (distances of lenses and/or mirrors before the 

imaging detector), while for Nomarski interferometers the resolution can be also limited 

by the aperture of the Wollaston prism. Therefore, our group decided to implement a MZI 

that was assembled with different configurations according to the evolution of the PhD, 

as discussed in this Chapter. 

 An initial MZI configuration arose from the need to diagnose gas jets generated 

by the first micrometric nozzles manufactured, therefore a typical Mach-Zehnder 

interferometer[93, 119] was built in atmosphere using a CW linearly polarized green helium-

neon (HeNe) laser with λ|} = 543 nm and ∆λ|} = 0.002 nm bandwidth. As outlined in 

Figure 6.4a, the HeNe beam is spatially filtered using a 50 μm pinhole and collimated 

into a 1 cm radius beam; this beam is split by the beamsplitter BS1 into REF and DIAG 

beams, being the latter the arm that propagates through the gas jet generated by the nozzle. 

The interferogram of the phase accumulated by the DIAG beam is obtained by 

overlapping it with the undisturbed REF beam after recombination in the second 
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beamsplitter, BS2. A 10 cm convergent lens (L), positioned after the BS2 and 12 cm away 

from the gas jet, produces a 5× magnified interferogram of the gas jet in the surface of a 

CCD. The CCD integration time was 10 ms. This configuration allows the 

characterization of a continuous flow gas jet, with the nozzle connected directly to a ¼" 

diameter copper tube, as presented in Figure 5.5a. In addition to operating as an 

interferometer[162], the MZI design can be also employed to produce shadowgrams using 

the Schlieren imaging technique [91, 219, 220], generating a gas jet image directly on the 

CCD. This method is implemented by blocking the REF beam and inserting a knife-edge 

(KE) at the focal point of the lens L, as shown in Figure 6.4b, working as an auxiliary 

technique to interferometry to diagnose the geometrical profile of the gas jet. A photo of 

the MZI setup is shown in Figure 6.4c. 

 
Figure 6.4 – Schematic of the CW MZI setup to diagnose gas jets generated by the manufactured 

nozzles: (a) interferometer mode (b) Schlieren imaging mode. (c) A photo of the setup in 

atmosphere. Ex/SF: expander/spatial filter, BS: beam splitter, M: mirror, L: lens, KE: knife-edge, 

and CCD: charge-coupled device. 

Source: By the author. 

 Since the desired environment to diagnose the gas jet is vacuum, a small vacuum 

chamber was created to be inserted in the DIAG arm. As illustrated in Figure 6.5, this 
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chamber is fitted to the ¼" diameter copper tube by a flange with an o´ring, keeping the 

nozzle inside, and has a connection to a mechanical pump on its top. This chamber was 

used to study the nozzle performance in a vacuum environment (~50 mbar) when 

applying a backing pressure of up to 50 bar.  

 
Figure 6.5 – Small vacuum chamber fitting the ¼" diameter copper tube. The gas jet flows 

continuously with backing pressure up to 50 bar while a mechanical vacuum pump establishes a 

background pressure of about 50 mbar inside the vacuum chamber.  

Source: By the author.  

 Each of the two techniques (interferometry and Schlieren)  produces different 2D 

images, which are captured by the CCD. As exemplified in Figure 6.6a, wavefront 

distortions induced by the jet refractive index profile, which deviate from the DIAG beam, 

are directly visualized in the shadowgram, yielding a clear image of the jet expansion that 

is suitable for characterizing its geometric profile. When these wavefront distortions are 

compared (interfered) with the REF beam, the accumulated phase causes a bending of the 

interferogram fringes (Figure 6.6b), which does not present a clear visualization of the jet 

profile. The density profile of the jet is retrieved using the methods and software described 

in Section 6.1. 
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Figure 6.6 – Example of (a) a Schlieren imaging and (b) interferogram under the same experimental 

conditions: N2 jet expanding at a backing pressure of 50 bar inside of the small vacuum chamber 

(~50 mbar). The jet was generated by a manufactured nozzle with ∅6 = 190 µm and ∅L = 85 µm. 

Source: By the author. 

6.2.1 Characterization of gas jets  

 A typical gas jet characterization using the CW Mach-Zehnder interferometer and 

our homemade software is presented in Figure 6.7, where a nitrogen gas jet created from 

a manufactured nozzle with ∅6 = 190 µm and ∅L = 85 µm and a backing pressure of 

50 bar, was measured in the atmosphere and in a background of ~50 mbar (inside the 

small vacuum chamber). The shadowgram in vacuum is the same shown in Figure 6.6a, 

and the density map in vacuum comes from the interferogram presented in Figure 6.6b. 

Shadowgrams are shown in part (a) of Figure 6.7, and the gas density maps obtained using 

α = 1.710 Å3 for N2
[221] are shown in the part (b). From these maps, the density profiles 

close to the nozzle exit (- ≈ 0 µm) were extracted shown in Figure 6.7c, with their 

uncertainties 'Q�obtained directly from the software[214]. 
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Figure 6.7 – Nitrogen jets expanding in (1) atmosphere and (2) vacuum from a typical micrometric 

manufactured nozzle. Measurements performed by the CW Mach-Zehnder interferometer in the 

(a) Schlieren imaging mode, and (b) interferometer mode; part (c) shows the density profiles 

close to the nozzle exit extracted from the maps in (b).  

Source: By the author. 

 Regarding the results displayed in Figure 6.7, despite the noise in the 2D density 

maps, the jet shape can be clearly observed from the interferometer mode, in addition to 

the Schlieren images. Therefore, one of the first conclusions was that Schlieren imaging 

can be an optional and complementary technique, to quickly visualize the approximate 

shape of the jets, but it is not essential to diagnose the target geometries since 

interferometry has already been implemented. As discussed in the next sections, the 

Schlieren imaging technique was not used for other measurements. In addition, our first 

results indicated the adequacy of the interferometry technique and the algorithms 

employed to diagnose the gas jets produced by our manufactured nozzles, measuring their 

geometry and density distribution with micrometric sensitivity. For the jet in atmosphere, 

its geometry is characteristic of a supersonic expansion with the formation of shock 

regions shaped like diamonds (regions with the highest density)[222, 223], being the first 

indication of the formation of supersonic jets from our nozzles. On the other hand, the 
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characterization of the jet expansion in vacuum is more relevant since this is the 

environment for laser-plasma interactions, being described by the equations of the quasi-

1D model (discussed in Chapter 5) as a reference to compare with the measured density 

maps. Regarding the gas jet Mach number, the theoretical value calculated from the 

nozzle exit and throat areas by equation (5.1) is Μ ≈ 3.3 for nitrogen (� = 1.47). However, 

a divergence angle θ� ≈ 19° was measured from the Schlieren imaging, yielding Μ ≈ 3.0 

from equation (5.3), a Mach number slight smaller than the theoretical one. This 

discrepancy could be associated to the nozzle convex trumpet shape as discussed in Figure 

5.8, which in second approximation reduces the jet Mach number[199]. Nevertheless, both 

values are close enough to consider the Mach number given by equation (5.1) as a good 

reference for designing nozzles. Concerning the measured density profile inside the small 

vacuum chamber, the highest gas molecular density is (9.0±1.1)×1019 cm-3 close to the 

nozzle exit, and it drops abruptly with distance due to the gas expansion in vacuum. This 

measured value is about twice the estimated value of 4.0×1019 cm-3 using equation (5.2) 

and the estimated M=3.3 from equation (5.1). Although this discrepancy exists, probably 

arising from the aspects not considered in the quasi-1D model, the density values are in 

the same order of magnitude. In addition, as discussed in Section 5.3, the nozzle convex 

trumpet shape decreases the Mach number[199], increasing the gas density close to the 

nozzle exit. This indicates that the discrepancy should come from the idealization implicit 

in the quasi-1D model that does not take into account the nozzle shape. The quasi-1D 

model expressed by equations (5.1) and (5.2) also does not apply perfectly to realistic 3D 

gas jet flows, and CFD simulations can provide more accurate descriptions. Analysis  

performed by our group[117] for a similar nozzle (∅6 = 190 µm and ∅L = 85 µm) returned 

a density close to the nozzle exit of about 1.5×1020 cm-3, which is 2 times higher than the 

measured value, and 4 times higher than the theoretical prediction by the quasi-1D model. 

Lastly, the inappropriate background pressure inside the small vacuum chamber 

(~50 mbar) should be another source for this discrepancy since an adequate vacuum 

environment should be smaller than 10-3 mbar. Despite the discrepancies, the measured 

value is between the two theoretical predictions, validating the efficiency of the 

interferometry technique as well as the algorithms employed in our codes. It is noteworthy 

that although only one result was shown in this section as an illustrative example, several 

other gas jets produced from different manufactured nozzles also were characterized by 

CW Mach-Zehnder interferometer and they obtained conclusions similar to those 

discussed here.  
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Within our purposes, the next step is diagnosing the laser-induced plasma, as 

discussed in the next section.  

6.3 Development of time-resolved MZI in atmosphere 

 Interferometry measurements for laser-induced plasmas require a higher spatial 

resolution than used with gaseous targets, due to the plasma smaller dimensions, and, 

more important, pump-probe techniques due to the plasma fast decay time[95], which 

would fade out in CW measurements due to the extremely small duty cycle. The use of 

femtosecond pump-probe techniques allows a time scanning during the plasma formation, 

which allow the investigation of the plasma dynamics, potentially being able to study the 

wakefield establishment and electron acceleration processes. Therefore, we developed 

and built a novel kind of time-resolved Mach-Zehnder interferometer[118] as presented 

below. 

 The new Mach–Zehnder-like interferometer is coupled to a pump-probe setup, 

and was developed to characterize transient phenomena in gaseous targets and laser-

induced plasmas. Although this interferometer is intended to operate in vacuum, where 

the laser-electron acceleration will occur, it was initially built in atmosphere for a 

preliminary characterization of the device, as shown in Figure 6.8. This setup uses 

Femtopower pulses (!S = 25 fs, ��� = 780 nm, ∆�S = 40 nm, ℰS≤ 650 µJ, ≤ 4 kHz, and 

M2 ≈ 1.2), and, initially a beam sampler (BSa) extracts a fraction of the pulse energy, 

which is sent through a delay line (delay 1) and focused in a BBO crystal to generate 

second harmonic pulses at 392 nm. The second harmonic pulses duration can be estimated 

by the duration of a Gaussian pulse broadened due to the group velocity dispersion 

(GVD), given by[125, 224]: 

 !n � !m �1 + ½4 _�2   CPQR S
�Ö²

¾n
, (6.13) 

where !m and  !n are the pulse duration of the laser pulse before and after the BBO crystal, 

� is the propagation length in the crystal, and  AB@C is the dispersion parameter of the 

medium. Using � = 0.3 mm,  AB@C = 196 fs²/mm for the dispersion parameter of BBO for 

392 nm[125], and assuming second harmonic pulses with initial duration equal to the 

fundamental pulse, !m = !S = 25 fs, equation (6.13) yields !n = 25.8 fs ≈ !S. The second 

harmonic pulses are used as a probe due to intrinsic advantages when compared to the 
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fundamental wavelength: they offer double spatial phase resolution, can measure higher 

density plasmas due to the higher plasma frequency, and can be isolated from laser 

scatterings by the use of optical filters. 

 After the BBO crystal, the probe pulses are collimated into a ~5 mm diameter 

beam that enters the MZI to diagnose the gas jets or side-view of the plasma formed by 

the high-energy pulses (pump), which are focused by a 90°, 50 mm, off-axis parabolic 

mirror (OAP).  

 The temporal delay between pump and probe pulses is controlled by a micrometric 

positioning system (Newport UTS100C) with a range of 200 mm and a minimum step of 

1 µm, which corresponds to a double pass minimum delay of 6.6 fs. However, the 

temporal resolution of the technique is limited by the duration of the probe pulses.  

  
Figure 6.8 – (a) schematic pump-probe setup containing the Mach-Zehnder-like interferometer. 

M: mirror, L: lens, F: filter, P: polarizer, BS: beamsplitter, BSa: beam sampler, OAP: off-axis 

parabolic mirror, HWP: half-wave plate, BBO: beta barium borate crystal, CCD: charge-coupled 

device, and spec.: spectrometer. (b) A photo of the setup assembled in atmosphere. 

Source: By the author.  
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 In the interferometer, the probe pulses are divided by a beamsplitter (BS1) into 

reference (REF) and diagnostic (DIAG) beams; the DIAG beam propagates through the 

target (gas jet or plasma), accumulating a phase that is retrieved by interference with the 

REF pulses, after recombination in the BS2 beamsplitter. The temporal overlap between 

REF and DIAG pulses is obtained by adjusting the REF arm delay (delay 2) by a 

translation stage supporting 2 mirrors in a roof configuration. After the BS2, the 

recombined pulses propagate through a 150 mm convergent lens that produces a three-

fold magnified interferogram (spatial interference) of the target at the CCD, from which 

the gas jet or side-view plasma density can be retrieved. BS2 also directs other 

recombined beams to a spectrometer, creating a spectral fringe pattern (spectral 

interference). This spectral interference pattern is easier to find than the spatial one when 

adjusting the delay 2, and it is used to set the two arms with the same optical length; once 

this “zero-delay” position is found, the interferogram is seen on the CCD. The 

interferometer also allows small adjustments in the REF arm mirrors to define the fringes 

spatial frequency and direction. Lastly, as this setup was built in the atmosphere for initial 

tests, we decided to maintain a continuously gas flow through the ¼" diameter copper 

tube, which can be fitted by the small vacuum chamber for gas jets studies in vacuum. On 

the other hand, the plasma measurements could only be made in the atmosphere, since 

the small vacuum chamber has only one pair of windows which does not allow the 

insertion of orthogonal beams, as is the case of the pump beam and the DIAG arm, as can 

be seen in Figure 6.8. It is worth mentioning that in all measurements using the time-

resolved MZI in atmosphere, the CCD integration time was 10 ms, as in the CW 

measurements. Therefore, each recorded interferogram is composed of a superposition of 

40 laser shots once the Femtopower was operating at 4 kHz.  

 The relevance of using a spectral interference pattern (fringes) becomes clear 

when comparing the pulses spatial and spectral coherence lengths. To estimate the spatial 

coherence length of the MZI, the contrast of the spatial interferogram fringes was plotted 

as a function of small displacements around the “zero-delay” position. Figure 6.9a 

presents a set of those interferograms, with the displacements from the “zero-delay” 

position indicated, and Figure 6.9b shows the fringes contrast dependence on this 

displacement, and it can be clearly seen that for displacements above ~15 µm the fringes 

disappear. The FWHM of the fitted Gaussian function, 14.3 µm, was taken as the MZI 

spatial coherence length. In practice, finding the “zero-delay” position requires adjusting 
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delay 2 within a few tens of µm of it, and a few µm are required to optimize the fringes 

contrast. We observe that it is very difficult to find these interference patterns 

experimentally.  

 

  
Figure 6.9 – Spatial-domain coherence length determination. (a) interferograms measured for 

different displacements around the “zero-delay” position. (b) fringes contrast dependence on the 

displacement measured from a common line of the interferograms and fitted Gaussian. 

Source: By the author.  

 Regarding the spectral coherence length, Figure 6.10 presents the MZI spectral 

interference as a function of the displacement around the “zero-delay” position (indicated 

in each spectrum). These spectra plainly show that the spectral coherence length is over 

200 µm, more than an order of magnitude longer than the spatial one. This happens 

because the spectral interference occurs even before the pulses overlap temporally[225, 226] 

since the pulse replicas, which are apart by a time Δ# in the time-domain prints a spectral 

fringe with the period of 1/Δ# over the pulse spectra in the frequency-domain. Using this 

concept, we have enhanced the handling of the setup, making it easier to find the “zero-

delay” position for the REF arm to measure the interferograms at the CCD[123].  
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Figure 6.10 – Spectral-domain coherence length performed from the spectra measured with different 

values of delay 2. The spectral interference pattern appears for delay times by an order of 

magnitude greater than for spatial interference. 

Source: By the author.  

 Another important feature of our pump-probe setup is the laser intensity achieved 

by the pump pulses focused to the target by the OAP. In order to estimate this intensity, 

a pilot focusing experiment was performed using pump pulses with 25 fs, 350 μJ, and 

M2≈1.2, whose beamwaist was ten-fold magnified by a T = 50 mm achromatic doublet to 

be measured on a CCD once its pixels have 6.7 × 6.7 μm2. This experiment setup and the 

focused laser Gaussian intensity profile obtained are shown in Figure 6.11. Both � and - 

cross-sections have a beamwaist of about 4 μm, defining a laser intensity of 

~2.1×1016 W/cm2[119]. 

 
Figure 6.11 – (a) schematic setup for measuring the pump beamwaist 10× magnified: M: mirror, 

L: lens, CCD: charge-coupled device, and OAP: off-axis parabolic mirror. (b) CCD image of the 

magnified laser focus with beamwaist on the �-axis and --axis is about 4 μm.  

Source: Adapted from SAMAD, R. E., et al[119].  
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6.3.1 Characterization of gas jets  

 The interferogram results using the time-resolved Mach-Zehnder-like 

interferometer in atmosphere involving gas jets are discussed in this section, while laser-

induced plasmas are presented in Section 6.3.2.  

 The interferogram analysis explored in Figure 6.12 shows a nitrogen gas jet 

expansion inside the small vacuum chamber from a backing pressure of 50 bar. This gas 

jet was generated from the same nozzle (∅6 = 190 µm and ∅L = 85 µm) measured by the 

CW MZI (Figure 6.7), and under the same experimental conditions and interferogram 

analysis algorithms. Thus, Figure 6.12a exhibits the interferogram of the gas jet, which is 

evidenced by the fringes bending. This interferogram can be compared to the CW MZI 

measurement in Figure 6.6b, which has a worse spatial resolution since the image is more 

blurred. The better spatial resolution in Figure 6.12a comes from a higher spatial 

frequency of the fringes, a consequence of the shorter wavelength provided by the second 

harmonic pulses at 392 nm, when compared to the green laser at 543 nm. The higher 

fringe density enhances the interferogram analysis, which can be identified when 

comparing the retrieved gas density maps in Figure 6.12b with the one in Figure 6.7b2, 

both resulting from the same nozzle and backing pressure. This last map contains 

computational artifacts related to the Abel inversion process for greater heights above the 

nozzle exit, which are absent in Figure 6.12b. Concerning the measured gas densities, 

Figure 6.12c presents the density profile close to the nozzle exit with a peak density of 

(1.1±0.3)×1020 cm-3 that is approximately 20% higher than the similar measurement from 

Figure 6.7bc, although both measurements are covered by the error bars. This measured 

peak density is also close to the two theoretical predictions discussed in Section 6.2.1, 

4.0×1019 cm-3 using the quasi-1D model, and 1.5×1020 cm-3 from CFD simulations. The 

proximity of the density values proved the good agreement of the time-resolved MZI for 

gas density measurements with an improvement over the CW MZI, which ensures our 

confidence in the setup and methodology used. Finally, Figure 6.12d exhibits the density 

profile for 4 heights above the nozzle exit (- = 0, 150, 300, and 450 µm), showing the 

abrupt density drop with the height increase, as well as the loss of the flat-top jet shape in 

vacuum. Thus, to conduct desirable plasma and wakefield conditions is recommended 

that the laser interaction occurs as close as the nozzle exit possible.  
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Figure 6.12 – Nitrogen jets expanding at a backing pressure of 50 bar inside the small vacuum 

chamber (~50 mbar) from the nozzle manufactured with ∅6 = 190 µm and ∅L = 85 µm. (a) 

interferogram. (b) gas density map, (c) density profile close to the nozzle exit (- = 0 µm) with 

uncertainties evaluated from the homemade software, and (d) density profiles for - = 0, 150, 

300, and 450 µm above the nozzle exit, extracted from density map in (b).  

Source: By the author.  

 An identical experiment to the previous one was carried out using a nozzle with 

smaller diameters, ∅6 = 135 µm and ∅L = 45 µm, which are shown in Figure 5.6 

profilometries. The results are exhibited in Figure 6.13, where the interferogram 

containing the N2 jet expanding inside the small vacuum chamber from a backing pressure 

of 50 bar is barely visible in the fringes shift in Figure 6.13a. Once this nozzle diameters 

are smaller than the previous one (∅6 = 190 µm and ∅L = 85 µm), that results in a smaller 

gas flow and a thinner target, making the fringes bend less prominent than in Figure 6.12a. 

Concerning the jet density distribution exhibited in Figure 6.13b, the gas density profile 

close to the nozzle exit (- = 0 µm) presents a peak density of (4.0±0.5)×1019 cm-3, as 

shown in Figure 6.13c. This value is more than 2 times higher than the estimated value 

of 1.6×1019 cm-3 using the quasi-1D model[177], repeating the trend observed in the 
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previous nozzle, which confers reproducibility to our methodology. Also, it is noteworthy 

that the density uncertainties (error bars) in Figure 6.13c presents a strong asymmetry 

around the radial axis. This imbalance comes from the Abel inversion algorithm, which 

assumes that the density distribution has cylindrical symmetry and searches for a 

revolution axis in the phase map; strong asymmetries in this map will be represented by 

uneven error bars in the final retrieved density. Figure 6.13d presents the gas density 

profiles for 4 heights above the nozzle exit (- = 0, 150, 300, and 450 µm), showing again 

an abrupt density drop with the height increase. Moreover, for the two largest distances, 

300 and 450 µm, the profile shapes show unexpected behaviors that are probably due to 

computational artifacts related to the Abel inversion process. These artifacts are similar 

to the ones seen in Figure 6.7b2, but are less pronounced, which could be a consequence 

of the smaller phase shift induced by this nozzle when compared with the expansion from 

a higher flow nozzle. Nevertheless, the time-resolved MZI improved spatial resolution 

when compared to the CW MZI, could resolve low gas volume flows produced by smaller 

nozzles. Improvements in the imaging system, setup isolation to reduce mechanical 

instabilities and unwanted diffractions in the interferograms, and mainly working at a 

smaller background pressure environment should contribute to obtaining better gas jet 

contrast. Those are motivations for moving the setup to a better vacuum chamber, capable 

to achieve lower background pressures under 1 mbar. 
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Figure 6.13 – N2 jets from the ∅6 = 135 µm and ∅L = 45 µm nozzle and 50 bar backing pressure 

inside the small vacuum chamber (~50 mbar). (a) interferogram. (b) gas density map, (c) density 

profile close to the nozzle exit (- = 0 µm), and (d) density profiles for 0, 150, 300, and 450 µm 

above the nozzle exit, extracted from density map in (b).  

Source: By the author.  

6.3.2 Characterization of laser-induced plasmas  

The pump-probe interferometer was used for laser-induced plasma measurements 

in the atmosphere. Figure 6.14 shows the analysis of a typical laser-induced plasma in air. 

Part (a) shows the plasma side-view interferogram, part (b) presents the density map 

retrieved from it, and part (c) presents the plasma transversal profile at its maximum peak 

value. This laser-induced plasma was produced by focusing pump pulses with an energy 

of 200 µJ, duration of 25 fs, and M2 ≈ 1.2, to q:≈4 µm, reaching intensities above 

1016 W/cm2. Those laser parameters were used in the experiments discussed in this 

section, where plasma interferograms were measured at different time delays. In the 

interferogram, the plasma presence is evidenced by the fringes shift, as well as by a 

brightness increase due to its emission. In addition, the interferogram fringes were 
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adjusted to be perpendicular to the laser propagation direction, and with a spatial 

frequency sufficiently high to make the plasma shifted fringes clearly visible. 

 
Figure 6.14 – (a) Side-view interferogram of a laser-induced plasma in atmosphere (highlighted in 

green). (b) Density map retrieved from (a), and (c) density profile extracted from (b) at � = 236 µm.  
Source: By the author.  

Plasma formation in air (nonthermal dynamics) 

 In the first investigation, illustrated in Figure 6.15, the plasma density temporal 

evolution was measured for 8 different delays after the plasma formation (100, 200, 300, 

400, 500, 600, 700, and 800 fs). The zero-time was defined, with an uncertainty of tens 

of fs, when the interferogram displayed small fringe shifts in the expected plasma region. 

In Figure 6.15a, each plasma density map has an independent color scale that fades to 

white at 1/	 of its peak intensity, except for the 100 fs map that fades at a higher value 

due to its high noise/signal ratio. The density maps also display their time delays (shown 
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in the labels), which can be correlated to the laser pump pulse propagation (also in the 

labels). Figure 6.15b presents the plasmas 1/e length and maximum density as a function 

of time, obtained from the maps shown in Figure 6.15a, where the length uncertainties 

were considered to be 5% of the measured values due to the CCD pixel size calibration 

for the plasma diameter. Both quantities show a saturation tendency near 800 fs, where 

the plasma peak density increases up to a maximum of (2.2 ± 0.1)×1019 cm-3 and its 

longitudinal length reaches (210 ± 11) μm. Concerning this length, it can be considered 

as a steady state since this value corresponds to the distance defined by the laser confocal 

parameter and a possible filamentation in air[227], where the laser reaches an intensity that 

promotes the air ionization. Regarding the plasma density evolution, at the temporal 

scales explored in this study (sub-ps), the ionization occurs for atoms that are not resonant 

with the laser wavelength through the non-linear processes discussed in Section 2.1, thus 

this density evolution tendency is compatible with previous studies where the tunneling 

and barrier suppression ionizations promote a rapid ionization at few hundreds of 

femtoseconds and then establishes a stationary density [228, 229].  

 
Figure 6.15 – (a) Side-view plasma density maps for 8 different delays after plasma formation. 

Labels: delay and corresponding pulse propagation position. (b) Temporal evolution of the 
plasma peak density and length. 

Source: By the author.  

 Assuming that air is composed of 80% N2 and 20% O2, and that its number density 

at room temperature (300 K) and 1 atm is 2.5×1019 cm-3, we can estimate its expected 

ionization for the applied laser intensity. This study considered, in a simplified way, that 

ionization occurs only when the intensity overcomes the BSI threshold[131, 230]. Therefore, 

using equation (2.3), the intensity thresholds X4Z[ for all nitrogen and oxygen ionizations 

were calculated from the respective ionization energies ℰOPQ, as exhibited in Table 6.1. 
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Ionization 
state 

Nitrogen Oxygen 

.��ù 
(eV) 

S�TS  
(1016 W/cm²) 

.��ù 
(eV) 

S�TS 
(1016 W/cm²) 

+1 14.53 0.018 13.62 0.014 

+2 29.60 0.077 35.12 0.152 

+3 47.45 0.225 54.94 0.405 

+4 77.48 0.901 77.41 0.898 

+5 97.89 1.469 113.9 2.693 

+6 552.1 1032 138.2 4.053 

+7 667.1 1617 739.3 2439 

+8   871.4 3604 

 
Table 6.1 – Ionization energies and BSI intensity thresholds for nitrogen and oxygen atoms. 
Source: By the author. 

 To verify if the measured plasma densities are in accordance with the theoretical 

predictions, we assume that the laser pulses are in a TEM00 Gaussian beam, thus the 

intensity at the focus is (1.2 ± 0.3)×1016 W/cm2, enough to dissociate the N2 and O2 

molecules, and to ionize their atoms 4 times, creating a plasma with a density of 

2×1020 cm-3. The peak intensity of the pulses is (2.3 ± 0.5)×1016 W/cm2, sufficient to 

ionize the nitrogen, but not the oxygen, to the 5+ state; taking the air composition into 

consideration, the plasma peak density can be as high as 2.4×1020 cm-3. These predicted 

density values are about 9 and 11 times higher than the (2.2 ± 0.1)×1019 cm-3 measured. 

Similar discrepancies are reported in the literature when using interferometry[125, 231], and 

the most probable causes for this disagreement are related to the expected plasma density, 

and the density retrieval algorithm. Regarding the theoretical expected density, our simple 

estimate may have overestimated its value since we assumed a constant intensity (apart 

from the peak intensity), and did not consider the laser intensity spatial profile, which 

would decrease the air ionization state in the beam wings due to lower intensities, 

resulting in a smaller integrated density[125]. Also, processes that mitigate the laser 

intensity, such as plasma defocusing near the focus[232, 233] could impair the ionization 

processes, reducing the free electron density. Finally, we are still devising ways to 

overcome difficulties associated with loss of contrast in the interferogram due to the 

modulations caused by the plasma. This effect causes an effective decrease in the 
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measured phase-shift since the resultant fringes are normalized by the lower ionization 

states that occupy a larger plasma region[234]. Although these problems must be overcome 

to allow absolute measurements of plasma density, the interferometer described here has 

good characteristics and is already in use for the characterization of relative density 

changes in generated plasmas as a function of time.  

Plasma evolution in air (thermal dynamics) 

 Another investigation using the time-resolved MZI was to explore the laser-

induced plasma evolution after its formation. In this investigation, the experimental 

conditions were the same as previously described. The maximum plasma density was 

measured after the plasma formation for delays ranging from 50 fs to 0.8 ns (maximum 

delay in our setup). At this time range, the plasma thermal effects are present, as well as 

possible recombination dynamics since femtosecond laser-induced plasmas in the air 

have a lifetime of a few nanoseconds[235, 236]. It is also possible to estimate the plasma 

temperature evolution. To be able to do this, a local thermal equilibrium (LTE) has to 

exist attending the McWhirter criterion[237, 238]: 

 �6[05¤Ô] ≥ 1.6 × 10mn·.6[U]IΔℰOz�	��JÔ
, (6.14) 

where .6 is the plasma temperature, and ΔℰOz is the energy difference between the 

transition levels d and ̂ , with d � ^. This criterion establishes a minimum local density to 

attain local thermal equilibrium by collisional processes, and can be used for ultrashort 

pulses originated plasmas[239]. As already discussed in this section, since is estimated that 

nitrogen is fully ionized to the state +4, and close to the laser peak it can reach the state 

+5, these two states were considered, resulting in ΔℰOz = 20.4 eV. For temperatures under 

100,000 K, the equation (6.14) states that the electronic density must be greater than 

~4.3×1018 cm-3, as is the case.  

 With these considerations, it is possible to estimate the plasma temperature from 

the maximum plasma density by applying the Saha equation[240]: 

 
Q�Q�

QV � n(n�F�RWk�)�/²
M�

l�(k�)
lV(k�) exp Z− [��V

RWk�
\, (6.15) 

where  �O and �z are the ionic densities in states d and ̂ , respectively, .6 is the plasma 

temperature, ℎ is the Planck constant, and lO(.6) and lz(.6) are the ionic partition 

functions for the states d and ̂  in LTE. These partition functions temperature dependent 
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values were obtained from the NIST Atomic Spectra Database[241] assuming 

.6 = 35,000 K, which is consistent with the expected temperature in this kind of 

investigation. To estimate of the ratio of the nitrogen +5 and +4 populations (�O/�z), we 

consider a Gaussian laser intensity distribution with a beamwaist of 4 µm and 

2.3×1016 W/cm2 to ionize the nitrogen atoms. As illustrated in Figure 6.16, the laser 

intensity profile produces an initial plasma density distribution that has a spatial 

dependence related to the various ionization intensities calculated from the nitrogen BSI 

thresholds, where the highest ionization +5 state is achieved only close to the peak.  

 
Figure 6.16 – Focus laser intensity with a Gaussian radial distribution (orange line) with the 

corresponding ionization intensities and positions for the nitrogen atom (blue lines).  
Source: By the author.  

 From Figure 6.16 we could observe that the nitrogen population of the +5 state is 

restricted to a region with a radius &ýÎ ≤ 1.85 µm, while the population of the +4 state is 

between 1.85 µm < &ý¥ ≤ 2.74 µm. Considering that both the laser beam and the plasma 

have cylindrical symmetry around the laser axis, we could estimate the ratio �O/�z as 

being given by the number of ionized electrons per atom (4 or 5), multiplied by the areas 

defined by the ionization radii obtained from Figure 6.16: 

 
Q�
QV = Î ] ]:^²

¥ ] (]:®² ¤]:^² ) = Î ] m.
Î²
¥ ] (n.Õ¥²¤m.
Î²) ≈ 1.05. (6.16) 

Once the ratio �O/�z is evaluated, we can estimate the maximum plasma temperature 

through the equation (6.15) from the maximum plasma densities measured. Thus, Figure 

6.17 exhibits the  plasma density and estimated temperature evolutions in a delay range 

between 50 fs and 0.8 ns. 
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Figure 6.17 – Temporal evolution of laser-induced plasma maximum density (blue) and temperature 

(red).  
Source: By the author.  

 The results presented in Figure 6.17 show an increasing trend in the maximum 

plasma density up to (3.7 ± 0.1)×1019 cm-3 at about 13 ps, a much longer time than the 

pulse propagation period through the confocal region of the laser beam. This ~70% 

increase over the maximum plasma density reported in Figure 6.15 indicates plasma 

formation by a process other than photoionization since the laser pulse is not at the plasma 

region at these times. Therefore, impact ionization (collisional ionization) should be 

investigated[242, 243]. In addition, beyond 13 ps, the maximum plasma density decreases, 

which indicates that electron-ion recombination effects begin to be predominant[235, 244]. 

 The estimated plasma temperature evolution follows the same behavior as the 

plasma density, with a peak of (39,000 ± 200) K at ~13 ps. Regarding the ionic population 

ratio, its value was assumed to be �O/�z = 1.05, but it could vary from 0.5 up to 1.5, 

changing the estimated temperature by less than 10%. Additionally, the partition 

functions could have been taken at any temperature between 10,000 K and 50,000 K and 

the estimated plasma temperature would change by no more than 3%, so after a few 

interactions we choose to use the partition functions at 35,000 K because this value is 

closer to the estimated plasma temperature along its evolution. Despite all this, the plasma 

temperature obtained is only an estimate, and it was calculated considering exclusively 

the nitrogen atoms because in the simple BSI model adopted all oxygen atoms are ionized 

to the final +4 state, with no population on the +5 state, so the Saha equation could be 

applied to this species also. To consider the oxygen, better population estimates, based 

on more complex ionization models and spatial distributions, would have to be used, but 

the values obtained give us an assessment of the temperatures reached by the plasma. 

Finally, although time delays longer than 0.8 ns could not be explored in this experimental 

setup, the density and temperature decreasing trends should become more evident as 
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longer times allow for more electron recombinations and cooling to the surrounding 

environment. 

 The findings exhibited in this section demonstrate the suitability of the time-

resolved MZI to diagnose plasmas dimensions and density distributions, producing side-

view interferograms with micrometric and femtosecond resolutions. Additionally, 

measurements of plasma in air are important to provide a better understanding of the 

plasma dynamics when generated by ultrashort laser pulses, a topic essential also for 

laser-plasma acceleration. These plasma results in the atmosphere give us directions to 

improve our methodology for this next step, which is to diagnose supersonic gas jets and 

the plasmas inside a vacuum chamber for further laser-electron acceleration studies in our 

laboratory.  

6.4 Development of a time-resolved MZI in a vacuum chamber 

 After the initial tests using the time-resolved MZI in atmosphere to measure 

continuously supersonic gas jets (section 6.3.1) and laser-induced plasmas (section 6.3.2), 

the next step is to move the interferometer inside a vacuum chamber, where SM-LWFA 

experiments will be conducted. However, this change presents several challenges, such 

as the need of a pulsed gas flow to constrain the laser interaction with the gaseous target, 

ensuring an optimal energy transfer from the laser pulses to the wakefield, also to 

avoiding the electron bunches absorption by the residual atmosphere, and overloading the 

vacuum turbomolecular pump that is usually used in this kind of setup, breaking the 

vacuum. Furthermore, an electronic synchronization system is necessary for the pulsed 

valve because the pump and probe pulses must arrive at the target at a stationary gas flow 

condition (optimal reproducible interaction length and gas density) within a few ms after 

the valve aperture. The synchronization with the CCD aperture and its exposure time is 

also necessary to capture single shots. However, considering the limited probe pulse 

intensity generated by the BBO crystal, the single-shot capture drawback is the low 

intensity captured on CCD that generates noisy signals. For interferogram measurements 

in the atmospheric setup, this process was not necessary because of the stationary 

condition provided by the continuously gas flow (or atmosphere for plasma 

measurements), allowing the integration of 40 probe pulses during an exposure time of 

10 ms. Thus, optimal synchronization between pump and probe pulses, pulsed gas valve, 
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and CCD, represents a real challenge for this experimental setup. Finally, the 

interferometer implementation inside a vacuum chamber implies the accommodation of 

the optical components in a restricted space, positioned according to the availability of 

windows for laser access and optical signal extraction, electric feedthroughs to control 

components remotely (translators, mirrors, lens, among others), and gaseous feedthrough 

for the high pressure gases.  

 A pulsed solenoid valve (VAC-750 psi, Parker Inc., displayed in Figure 5.5b) was 

used in the vacuum interferometer setup. This kind of valve is usually applied for laser 

electron acceleration studies, and it withstands backing pressure up to 50 bar. To operate 

the valve, a power driver was home-built. This driver is controlled by a square-wave 

external TTL signal from a Digital Delay Generator (DG535, Stanford Research Systems 

Inc.), that determines the valve opening and closing times; the TTL signal controls a high-

speed optocoupler that switches a MOSFET, delivering the effective power of 11.2 W 

(28 VDC, 400 mA) to the solenoid valve, as shown in the scheme in Figure 6.18a. The 

Digital Delay Generator can be operated in internal trigger mode, or be triggered by the 

laser pulses.  

  
Figure 6.18 – Home-built driver for the pulsed solenoid valve. (a) steps involved in controlling the 

valve timing cycle operation. (b) photo of the home-built driver triggered by the Digital Delay 

Generator. 

Source: By the author.  

 Concerning the vacuum chamber available to conduct future SM-LWFA studies, 

it has 50 cm of diameter, a volume of 5×104 cm3, and reaches final pressures under  

10-6 mbar using a Pfeiffer TMH 521/TMU 5231 turbomolecular pump with a flow rate of 

0.52 m3/s (for helium). This chamber has several access flanges for beam injection and 

instrumentation, and its walls are thick enough to block the expected ionizing radiation 

for the electron energies desired in the first stage (>10 MeV). The MZI setup was moved 
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inside the vacuum chamber along with the OAP and pulsed valve, and their positions 

have been optimized to the available space, while the pump-probe delay line (delay 1 in 

Figure 6.8) was kept in atmosphere. A scheme of the setup placed inside the vacuum 

chamber is shown in Figure 6.19 with the gas line and electric feedthroughs to control the 

positioning and angles of optical components. Once the spectrometer used to find the 

spectral fringes is not vacuum compatible, it is used with the chamber opened, the delay 

2 (REF arm, Figure 6.8) is adjusted to the “zero-delay” position, and it is removed from 

the chamber before making vacuum. Finally, the background pressure inside this vacuum 

chamber during the gas jet expansion is smaller than 10-3 mbar for N2 at 50 bar of backing 

pressure, much lower than the one in the small vacuum chamber.  

 
Figure 6.19 – (a) Schematic time-resolved Mach-Zehnder-like interferometer placed inside the 

vacuum chamber. (b) A photo of the vacuum chamber opened showing the interferometer setup, 

including the spectrometer. 

Source: By the author.  

 The biggest challenge to obtain interferograms from the vacuum chamber is the 

low-intensity coming from the single-shot measurement. However, we had been working 

on different approaches to solving this issue, such as illuminating the CCD directly with 

a low-intensity flashlamp to favor the appearance of fringes and improve the contrast of 

the interferogram fringes recorded by the CCD. Using this, we could synchronize the laser 

pulses with the valve aperture. The best results were obtained by delaying the pulses by 

3.9 ms after the valve aperture, considering a valve dead time of 1.3 ms (for a 50 bar 

backing pressure) after sending the opening signal. Under these conditions, the probe 

pulse hits the gas jet at an optimal time when its profile presents a high-density region 

and low diffusion. The externally triggered CCD used in the atmospheric experiments 
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could not be used in the vacuum studies due to its fixed gain that was not enough to 

capture single-shot interferograms. It was replaced by a variable gain CCD, that has no 

external trigger synchronization, but could be software triggered by a spike in the 

measured signal. Using this internal trigger option and adjusting the CCD gain, we could 

measure single shots of N2 gas jets interferograms with a backing pressure of 50 bar, as 

illustrated in Figure 6.20 for a nozzle with ∅6 = 260 µm and ∅L = 160 µm. Once this setup 

has a non-deterministic capture time start, the gas jet interferograms are not easily 

reproducible and present a residual gas atmosphere inside the vacuum chamber due to a 

non-optimal capture time. Thus, only a few manufactured nozzles had their gas jet well 

diagnosed, mainly the nozzles with larger diameters due to the higher gas flow. A CCD 

with variable signal gain and external trigger entrance is required for further single-shot, 

reproducible, measurements, with a low noise-signal ratio, and at optimal measurement 

time.  

 
Figure 6.20 – Nitrogen jet expanding in vacuum from ∅6 = 260 µm and ∅L = 160 µm nozzle and a 

backing pressure of 50 bar. (a) interferogram, (b) gas density map, (c) density profile close to 

the nozzle exit (- = 0 µm), and (d) density profiles for - = 0, 150, 300, and 450 µm above the 

nozzle exit, extracted from density map in (b).  

Source: By the author.  
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 By analyzing the gas jet results from the vacuum chamber, the interferogram 

exhibited in Figure 6.20a presents a worse contrast as well as a higher noise-signal ratio 

than others interferograms shown in this thesis. However, from this interferogram the 

software obtained the gas density map (Figure 6.20b) without noticeable computational 

artifacts, which should be a consequence of a better vacuum environment also capable to 

reduce mechanical vibrations from the pumps during the single-shot measurement, and 

also density profiles with small uncertainties (Figure 6.20c), demonstrating that the 

density retrieval algorithms can produce good results even from noisy interferograms.  

As shown in Figure 6.20c, the peak density close to the nozzle exit was  

(1.5±0.7)×1020 cm-3, a value of only 50% above the theoretically predicted 1×1020 cm-3 

by the quasi-1D model[177]. This lower discrepancy when compared to the values 

measured using the small vacuum chamber also could be an indication of the better 

vacuum environment. As shown in Figure 6.20d, the density profiles for the 4 heights 

from the nozzle exit (- = 0, 150, 300, and 450 µm) exhibit, at first glance, the same trend 

of decreasing density with increasing distance from the nozzle exit, but even for heights 

above 150 µm there is still a density profile with high values close to 1020 cm-3. 

Considering that the laser pulses must be tightly focused into the gas jets at - ≈ 100 µm 

and also assuming a full ionization of the gaseous target, the plasma formed will achieve 

densities for H2 close to simulated values in Section 3.2. If He is used, higher densities 

can be reached since it presents a smaller density drop after the exit of a nozzle due to its 

bigger �, as can be seen in Figure 6.21. 

 
Figure 6.21 – Quasi-1D model dependence on the Mach Number with the ratio between the 

maximum gas molecular density at nozzle exit and backing chamber for H2 (blue line) and He 

(brown line).  

Source: By the author. 
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 Due to the reported issues in the single-shot, laser-induced plasma measurements 

in vacuum were not performed during this PhD. However, some experiments checking 

the synchronization between the pump pulses and the valve aperture were carried out 

using N2 and other noble gases. Figure 6.22 exhibits a photo taken from a vacuum 

chamber window during a test with He  and a nozzle  with ∅6 = 300 µm and ∅L = 150 µm. 

A laser pulse hits the target close to the nozzle, creates a plasma, and the excited atoms 

leave the laser interaction region at supersonic speeds, revealing the jet shape as they 

decay and emit light. 

 
Figure 6.22 – Helium gas jet produced by a de Laval nozzle in vacuum, exhibiting a plasma excited 

by an ultrashort pulse. The jet shape can be observed by the light emitted by helium moving at 

supersonic speeds out of the laser interaction region. 

Source: By the author. 
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7 CONCLUSIONS AND OUTLOOK 

 In this thesis, a successful method to micromachine de Laval nozzles in alumina 

by trepanning with ultrashort laser pulses was developed. The manufactured nozzles 

exhibit high circularity and smooth internal walls, which should decrease turbulence in 

the jet targets created. Although this work presented only a few examples, the nozzle 

features, as well as the gas jets generated by them, are general for all alumina 

manufactured nozzles, proving a good reproducibility of our methodology. By changing 

the machining parameters we could control the nozzle throat and exit diameters, which 

are the primary features that define the jet Mach number and geometry of the gas jets. An 

outlook of this investigation is to improve the control of the nozzle shape, which 

introduces second-order corrections on the target density profiles, which should be 

important for subsequent electron acceleration dynamics. 

 In addition, this work presented the development and assemblage of a novel time-

resolved Mach-Zehnder-like interferometer coupled to a pump-probe setup capable to 

diagnose gas jet targets and laser-induced plasmas with micrometric and femtosecond 

resolutions. The use of a spectrometer proved to be a fundamental tool to find the pulses 

temporal overlap, readily providing the correct reference arm length to create spatial 

interferograms to be recorded by a CCD. As a first step, this setup was built in 

atmosphere, and gas jet characterization with backing pressures up to 50 bar at 

continuously flow was performed using a small vacuum chamber that fits the nozzle. 

Furthermore, an original time-resolved investigation of the laser-induced plasma 

generated in air was performed using the pump-probe technique, where its characteristics 

could be explored during plasma formation (nonthermal dynamics) and evolution to 

longer times (thermal dynamics). The results showed that the interferometer can be used 

to characterize a gas jet expansion in vacuum, obtaining phase-shift maps that retrieve its 

geometry and density, as well as the time evolution of the laser-induced plasma, also 

allowing the estimation of its density. Finally, the initial steps of the implementation the 

interferometer inside a vacuum chamber were presented and discussed, depicting the 

challenges involved in this new step, such as pulsed gas valve installation, 

synchronization between different components, and single-shot measurement on a CCD. 

Despite these implementation difficulties, measurements of gas jet expansion in vacuum 
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were accomplished, revealing a clear enhancement compared to those taken using the 

small vacuum chamber. As an outlook of this investigation, the replacement of the current 

CCD by one with an external trigger and variable gain should greatly improve the laser-

induced plasma measurements inside the vacuum chamber. This experimental setup will 

soon be operating as desired, being an essential diagnostic tool for future laser-electron 

acceleration studies at IPEN. This upgrade opens important paths to research in our group 

besides the aimed LWFA field, since in the short term this setup could be used to 

investigate fundamental research in laser-induced ionization for different gases in 

vacuum, pressures, interaction length, etc, demonstrating a potential for the future 

publications as was recently done in Applied Optics[123]. 

 The interferogram analysis produced during this work motivates our group to 

develop better algorithms for processing these data which lead us to develop and made 

available Python codes as installable software for interferogram analysis of gas jets and 

laser-induced plasmas[214, 215]. Those softwares proved to be suitable for our purposes, 

being capable to retrieve the targets density distribution with good agreement with 

theoretical predictions. However, as an outlook, those softwares can be enhanced and 

updated to improve the data analysis, which may reduce the discrepancies between 

theoretical predictions and experimental measurements. 

 Our research group has a cooperation agreement with the Extreme Light 

Laboratory (ELL) at the University of Nebraska-Lincoln (UNL). This research group is a 

current leader in electron acceleration by LWFA and their applications[245, 246, 247, 248], 

owning two ultra-high-intensity ultrashort laser systems with pulse peak power up to 

7 TW (Archimedes), and up to 0.7 PW (Diocles). Based on the agreement, I was a visiting 

PhD student at ELL for 6 months (from September/2021 to February/2022), where I 

gained skills working with high-peak power lasers (>100 TW) as well as an installation 

for LWFA experiments. In October 2022, I had the opportunity to return to ELL with my 

advisor and more two researchers within the LaserNetUS Cycle 3 scientific mission[121] 

for 1 month. The goals of this project included preliminary SM-LWFA experiments using 

the de Laval nozzles manufactured at IPEN (discussed in Chapter 5), aiming to validate 

the efficiency of our nozzle fabrication technique and checking the validity of our PIC 

simulations predictions for SM-LWFA electron bunches agree with our (discussed in 

Chapter 3). However, 1 month at ELL proved to be a short period for the experimental 

activities required for our goals, and then although the participants of this mission along 
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with the ELL staff had worked hard during this month, no significant electron bunches 

(> MeV) were observed. Most of the time was spent on activities before the laser-electron 

acceleration, such as alignment of the driven pulses inside of the target vacuum chamber, 

achieving the required beamwaist after the focalization, assembly of diagnostic systems 

for gas jets (Nomarski interferometer) and electrons energies (Thomson spectrometer). 

Thus, a short time could be directed to acceleration tests, meaning that we did not have 

time to optimize this experiment to investigate the reasons for not observing the expected 

electron energies. In spite of this, important achievements were achieved in this scientific 

mission for both our team and the ELL staff, which motivated both sides to keep and 

reinforce the collaboration agreement. The next opportunity to return to ELL and continue 

this investigation was applied to LaserNetUS Cycle 5 project call[249], whose the 

acceptance result has yet to be announced. In addition, both groups have discussed future 

collaborations which ensure that these missions should continue soon, being an outlook 

for a future application of our manufactured nozzles. 

 All results and their discussions shown in this thesis contribute towards the greater 

aim of our research group to establish the first laser-electron accelerator infrastructure in 

Latin America, which will make IPEN a pioneer in this research area. Thus, at the end of 

this step, I am confident that the PhD outcomes have been successfully completed, 

becoming one more kick-off to this greater project. 
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of He+N2 concentration on self-modulated laser wakefield acceleration driven by 
pulses of a few TW. https://doi.org/10.1364/JOSAB.482305  

 

3. APPLIED OPTICS 2023 
A. V. F. Zuffi, J. R. dos Santos, E. P. Maldonado, N. D. Viera, R. E. Samad. 
Femtosecond Laser-Plasma Dynamics Study by a Time-Resolved Mach-Zehnder-
Like Interferometer. https://doi.org/10.1364/AO.477395 

 

4. PHYSICAL REVIEW A 2022 
A. V. F. Zuffi, N. D. Viera, R. E. Samad. Below-threshold-harmonics-generation 
limitation due to laser-induced ionization in noble gases.  
https://doi.org/10.1103/physreva.105.023112  

Conference proceedings 

1. 2022 SBFOTON CONFERENCE 2022 
A. V. F. Zuffi, F.B.D. Tabacow, N. D. Viera, R. E. Samad. Ultrafast laser 
micromachining of submillimetric de Laval nozzles in alumina for laser electron 
acceleration. https://doi.org/10.1109/sbfotoniopc54450.2022.9992490  

 

2. 2022 LATIN AMERICA OPTICS AND PHOTONICS CONFERENCE 2022 
A. V. F. Zuffi, E. P. Maldonado, N. D. Viera, R. E. Samad. Time-Resolved 
Femtosecond Laser-Plasma Measurements by a Mach-Zehnder-Like Interferometer. 
https://doi.org/10.1364/LAOP.2022.Tu4A.49  

 

3. 2022 LATIN AMERICA OPTICS AND PHOTONICS CONFERENCE 2022 
E. P. Maldonado, R. E. Samad, A. V. F. Zuffi, N. D. Viera. Simulation of a Laser 
Wakefield Accelerator in Downramp Injection Regime Suitable for High Repetition 
Rates. https://doi.org/10.1364/LAOP.2022.Tu1C.7   
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4. 2022 LATIN AMERICA OPTICS AND PHOTONICS CONFERENCE 2022 
A. V. F. Zuffi, N. D. Viera, R. E. Samad. Observation of Third-Harmonic Saturation 
in Helium due to Ionization Depletion. https://doi.org/10.1364/LAOP.2022.Th1B.7  

 

5. 12th INTERNATIONAL PARTICLE ACCELERATOR CONFERENCE 2021 
A. Bonatto, E.P. Maldonado, R.P. Nunes, A.V.F. Zuffi, F.B.D. Tabacow, R.E. 
Samad, N.D. Vieira. On the Development of a Low Peak-Power, High Repetition-
Rate Laser Plasma Accelerator at IPEN. https://doi.org/10.18429/JACoW-
IPAC2021-TUPAB141  

 

6. 2021 SBFOTON CONFERENCE 2021 
A. V. F. Zuffi, N. D. Viera, R. E. Samad. Development of a modified Mach-Zehnder 
interferometer for time and space density measurements for laser wakefield 
acceleration. https://doi.org/10.1109/sbfotoniopc50774.2021.9461961 

 

7. 2021 SBFOTON CONFERENCE 2021 
F.B.D. Tabacow, A.V.F. Zuffi, E.P. Maldonado, R.E. Samad, N.D. Vieira. 
Theoretical and experimental study of supersonic gas jet targets for laser wakefield 
acceleration.  https://doi.org/10.1109/sbfotoniopc50774.2021.9461936  

 

8. 2021 SBFOTON CONFERENCE 2021 
B.B. Chiomento, A.V.F. Zuffi, N.D. Vieira, F.B.D. Tabacow, E.P. Maldonado, R.E. 
Samad. Development of dielectric de Laval nozzles for laser electron acceleration by 
ultrashort pulses micromachining.  
https://doi.org/10.1109/sbfotoniopc50774.2021.9461928  

 

9. 2021 SBFOTON CONFERENCE 2021 
N.D. Vieira, E.P. Maldonado, A. Bonatto, R.P. Nunes, S. Banerjee, F.A. Genezini, 
M. Moralles, A.V.F. Zuffi, R.E. Samad. Laser wakefield electron accelerator: 
possible use for radioisotope production. 
https://doi.org/10.1109/sbfotoniopc50774.2021.9461976  

 

10. 2019 INTERNATIONAL NUCLEAR ATLANTIC CONFERENCE 2019 
N. D. Viera, S. Banerjee, E. P. Maldonado, A. V. F. Zuffi, F. B. D. Tabacow, R. E. 
Samad. Laser Particle Acceleration in Brazil.  
http://repositorio.ipen.br/handle/123456789/30550 

 

11. 2019 SBFOTON CONFERENCE 2019 
A. V. F. Zuffi, A. A. Almeida, N.D. Vieira, R. E. Samad. Below Threshold 
Harmonics Dependence with Phase-Matching Parameters in Argon.  
https://doi.org/10.1109/sbfoton-iopc.2019.8910189 

 

12. 2019 SBFOTON CONFERENCE 2019 
E. P. Maldonado, R. E. Samad, A. V. F. Zuffi, F. B. D. Tabacow, N. D. Viera, Self-
modulated laser-plasma acceleration in a H2 gas target, simulated in a spectral 
particle-in-cell algorithm: wakefield and electron bunch properties.  
https://doi.org/10.1109/sbfoton-iopc.2019.8910252  
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13. 2019 FRONTIERS IN OPTICS + LASER SCIENCE 2019 
A. V. F. Zuffi, A. A. Almeida, N.D. Vieira, R. E. Samad. Development of glass 
nozzles for below threshold harmonics and high harmonic generation.  
https://doi.org/10.1364/FIO.2019.JTu3A.44  

 

14. 2018 LATIN AMERICA OPTICS AND PHOTONICS CONFERENCE 2018 
A. V. F. Zuffi, A. A. Almeida, N. D. Viera, R. E. Samad. Below Threshold Harmonics 
Beams Characterization Using the Knife-Edge Technique  
https://doi.org/10.1364/LAOP.2018.Tu4A.4  

 

15. 2018 SBFOTON CONFERENCE 2018 
A. V. F. Zuffi, A. A. Almeida, N. D. Viera, R. E. Samad. Characterization of Below 
Threshold Harmonics Generated in Argon by Ultrashort Laser Pulses.  
https://doi.org/10.1109/sbfoton-iopc.2018.8610890  
 

16. 2018 SBFOTON CONFERENCE 2018 
R. E. Samad, A. V. F. Zuffi, E. P. Maldonado, N. D. Viera. Development and Optical 
Characterization of Supersonic Gas Targets for High-Intensity Laser Plasma Studies.
  https://doi.org/10.1109/sbfoton-iopc.2018.8610903 

Software registration 

1. ZENODO 2023 
J. R. dos Santos, A. V. F. Zuffi, N. D. Viera, E. P. Maldonado, R. E. Samad. 
INTERFEROGRAM ANALYSIS GAS JET: INITIAL RELEASE (VERSION 1.0). Software is 
available in the repository <https://zenodo.org/record/7778947>.  
https://doi.org/10.5281/zenodo.7778947   
 

2. ZENODO 2023 
J. R. dos Santos, A. V. F. Zuffi, N. D. Viera, E. P. Maldonado, R. E. Samad. 
INTERFEROGRAM ANALYSIS LIP: INITIAL RELEASE (VERSION 1.0). Software is 
available in the repository<https://zenodo.org/record/7864173#.ZEk7PHbMK3B>.  
https://doi.org/ 10.5281/zenodo.7864173 

Oral presentations 

Oct 2022 Ultrafast Laser Micromachining of Submillimetric de Laval Nozzles 
in Alumina for Laser Electron Acceleration, in SBFoton International 
Optics and Photonics Conference 2022 (Recife, Brazil) 

 

May 2021 Development of a Modified Mach-Zehnder Interferometer for Time 
and Space Density Measurements for Laser Wakefield Acceleration, 
in SBFoton International Optics and Photonics Conference 2021 (online) 

 

Oct 2019 Below Threshold Harmonics Dependence with Phase-Matching 
Parameters in Argon, in SBFoton International Optics and Photonics 
Conference 2019 (São Paulo, Brazil) 
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Oct 2018 Characterization of Below Threshold Harmonics Generated in Argon 
by Ultrashort Laser Pulses, in SBFoton International Optics and 
Photonics Conference 2018 (Campinas, Brazil) 

 

Poster presentations 

Mar 2023 Laser-induced plasma dynamics in air measured by a femtosecond 
time-resolved Mach-Zehnder-like interferometer, in Autumn School 
on Ultrafast Lasers & Ultrafast Optics Conference XIII (Bariloche, 
Argentina) 

 

Aug 2022 Time-Resolved Femtosecond Laser-Plasma Measurements by a 
Mach-Zehnder-Like Interferometer, in Latin America Optics & 
Photonics Conference 2022 (Recife, Brazil) 

 

Aug 2021 Development of de Laval Nozzles and a Time-resolved Mach–
Zehnder-like Interferometer for Laser Wakefield Acceleration 
Studies at IPEN, in 2021 LaserNetUS User Meeting (online) 

 

Sep 2019 Development of glass nozzles for below threshold harmonics and high 
harmonic generation, in Frontiers in Optics + Laser Science 2019 
(Washington DC, US) 

 

Nov 2018 Below Threshold Harmonics Beams Characterization Using the 
Knife-Edge Technique, in Latin America Optics & Photonics Conference 
2018 (Lima, Peru) 

 

Jul 2018 Optical Characterization of Gas Jets for Electron Laser Acceleration, 
in São Paulo School of Advanced Science on Frontiers in Lasers and their 
Applications (São Paulo, Brazil)  

Awards 

May 2021 1st place Student Paper Award in 2021 SBFoton Conference - 

“Development of a modified Mach-Zehnder interferometer for time and 

space density measurements for laser wakefield acceleration” 
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