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ABSTRACT

ZUFFI, A. V. F. Creation and spatial-temporal cltdéeazation of gas targets and plasmas
for laser-electron acceleration. 2023. 147 p. ™¢BhD in Sciences) — Nuclear and
Energy Research Institute — IPEN-CNEN, S&o Paulo.

The acceleration of electrons by lasers is a tgcdenthat has been gaining
importance all over the world in recent years duist potential to decrease the size and
complexity of accelerators, favoring the diffusiof this technology to conventional
laboratories, with the inevitable emergence of sewence and applications. The High
Intensity Ultrashort Laser Pulses Laboratory atNRtas been working to implement the
first laser-electron acceleration infrastructureBrazil and Latin America. For this
purpose, we are currently focusing efforts on défe challenges, ranging from the
creation and characterization of micrometric gasdavgets and laser-induced plasmas
for particle acceleration, to the upgrade of arlaystem to achieve the needed peak
powers. This PhD thesis explores a significantipordf these challenges, starting with
the fabrication of micrometric de Laval nozzles djrafast laser micromachining in
alumina, to generate laser targets in the fornupessonic gas jets in vacuum. Nozzles
were manufactured in a home-built trepanning seauna, their geometry and surface
quality dependence on the laser and machining pEemwere studied, resulting in
fabrication protocols that create de Laval nozzigsable of generating supersonic jets
used as targets for laser-plasma interactionsidgndse the micro-jets and the plasmas,
a time-resolved Mach—Zehnder-like interferometes @waveloped, built, and coupled to
a pump-probe setup to study the plasma dynamids fesmhtosecond resolution. In this
setup, density profiles of gas jets and laser-iedyzlasmas were measured with a spatial
resolution of a few micrometers. In addition, aailed study of the laser-induced plasma
evolution in air was conducted from tens of femtosels to hundreds of picoseconds, in
which plasma formation, impact ionization, and @@t recombination were
investigated, using algorithms and softwares depegloby our group. This diagnostic
setup proved to be reliable to characterize thesilegradients of micrometric laser-
induced plasmas, becoming a permanent setup ftrefutaser-electron acceleration
developments at IPEN.
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Keywords: ultrafast laser micromachining, time-tesd interferometry, density retrieval
algorithms, laser-plasma interactions, laser wakgtacceleration
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RESUMO

ZUFFI, A. V. F. Criacéo e caracterizacdo espacqteal de alvos gasosos e plasmas
para aceleracdo de elétrons por laser. 2023. 14&se (Doutorado em Ciéncias) —

Instituto de Pesquisas Energéticas e NucleareEN-IPNEN, S&o Paulo.

A aceleracao de elétrons por lasers € uma técoEaem ganhando importancia
em todo mundo nos ultimos anos devido ao seu patede reduzir o tamanho e a
complexidade de aceleradores, favorecendo a difus$ia tecnologia para laboratérios
convencionais, com o inevitavel surgimento de ro€acia e aplicagdes. O Laboratério
de Lasers de Pulsos Ultracurtos de Alta IntensiddmléPEN vem trabalhando para
implantar a primeira infraestrutura de acelerac@cekétrons por laser no Brasil e na
América Latina. Para este propoésito, atualmentenest concentrando esforcos em
diferentes desafios que vao desde a criagcdo e tearacdo de alvos gasosos
micrométricos e plasmas induzidos por laser paecederacdo de particulas, até a
melhoria de um sistema de laser para atingir a@npi@s de pico necessarias. Esta tese
de doutorado explora uma parte significativa desdesafios, comecando com a
fabricac@o de bocais de de Laval micrométricosmorousinagem de alumina por laser
de pulsos ultracurtos, para gerar alvos para o fesérma de jatos de gas supersonicos
em vacuo. Um sistema de trepanacdo a laser foitro@shs no laboratorio para a
fabricacédo de bocais, e a dependéncia de sua gemejualidade da superficie com o
laser e os parametros de usinagem foram estudagmdfando em protocolos de
fabricac&o que criam bocais de de Laval capazgsrée jatos supersonicos usados como
alvos para interacdes laser-plasma. Para diagapsig microjatos e os plasmas, um
interferdmetro resolvido no tempo do tipo Mach-Zadmfoi desenvolvido, construido e
acoplado a um arranjo bombeio-prova para estudaréaica do plasma com resolucao
de femtossegundos. Nesta configuracéo, perfis nigidble de jatos de gas e de plasmas
induzidos por laser foram medidos com uma resolegpacial de alguns micrometros.
Adicionalmente, um estudo detalhado da evolucgaakma induzido por laser no ar foi
realizado de dezenas de femtossegundos a centepe®sgsegundos, no qual a formacgao
de plasma, ionizacdo por impacto e recombinacaelé@ons foram investigados
utilizando algoritmos e softwares desenvolvidosopebsso grupo. Este sistema de

diagnéstico provou ser confiavel para caracteosagradientes de densidade de plasmas
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micrométricos induzidos por laser, tornando-se urangd permanente para futuros

desenvolvimentos de aceleracao de elétrons parias®EN.

Palavras-chave: microusinagem por laser de puls@esuwrtos, interferometria resolvida
no tempo, algoritmos de recuperacéo de densidatdeagdes laser-plasma, aceleragéo
por campo de rastro
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| INTRODUCTION

Particle accelerators are among the largest mestinilt by humans, being the
main tools for elementary particle research sirfoartcreation in 1932 2. These
conventional particle accelerators use radio-fragueRF) electromagnetic fields to
propel charged particles at speeds close to thgihafand to confine them in well-defined
beam& 4. The control of the quality of these beams (pkatkinetic energy, bunch
duration, and spatial properties such as divergesdendamental to their applications,
which, for big accelerators, may include high-eggugysics in colliders like the LH&
and the RHI®!, and synchrotron light generation like in the &ifi, for investigations
in condensed matter physics. For small acceleratosapplications can be particle beam
diagnostics, medical therapies, and the produaifaadioisotopes for nuclear medicine
89,101 among others. However, due to the maximum etedieids on the order of
100 MV/m limited by the breakdown of the acceleratmaterials, those conventional
accelerators can reach kilometers in length onncumference, as exemplified by the
LCLS in Figure 1.1a, being machines of high maiatere, complexity, and costs. Thus,
there has always been a search for new acceletattbnologies, and recently, particle

acceleration driven by lasers has been growinglhapi the scientific community* 2]

Figure 1.1 — (a) Aerial view of the 3.2 km LCLSStanford, capable of accelerating electrons up to
50 GeV. (b) Plasma produced by a high-intensitgrasilse incident on a gas jet. The length of
the accelerating structure in this plasma is 4 mohsupports over 100 GV/m fields.

Source: Adapted from PATHAK, N. &l

Plasma-based particle acceleration was originathpduced in 1979 by Tajima

and Dawsoh*, when they proposed that laser-induced plasmadd csustain
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acceleration fields over 100 GV/m, three ordersnudgnitude higher than in RF
accelerators. This increase provided a way to rethe size of accelerators from the km
to the laboratory scale, as shown in Figure 1.@prasenting a revolution for the use of
such beams in many applicatiffls For decades, this kind of acceleration has been
pursued by different approacHés”- 18l and in 2004 an important breakthrough occurred
when three distinct groups accelerated electrorentogies above 100 MeV in quasi-
monoenergetic (QME) beams, with charges greaten th@0 pC, and low beam
divergenc&® 20 2 py |laser wakefield acceleration (LWFA). In thisheique, high-
intensity laser pulses (>10w/cn?, typically) are focused on a gaseous target inwvag
creating a plasma region with a wave pattern ofggheensity, the so-called wakefiéfd
221 This region is established, initially, by the daser-induced ionization followed by
the action of the ponderomotive force originatedthg spatial gradient of the laser
intensity?® 24 which moves the charges away from the laser sitiepeak. As a result
of this force, the electrons are moved transveraeigy from the pulse propagation axis,
and are then attracted to the axis by the posttherges that remained there. These
dynamics can establish, temporarily, a periodicametrge distribution along the pulse
propagation axi®l. This charge arrangement moves with the lasereptiisse to the
speed of light and works as a plasma acceleratorref (wakefield channel), capable of
accelerating electrons.

To accelerate the electrons, they must be inje@edelf-injectedf® 26 2/linto
the wakefield channel, and when this occurs abfigopriate time, they are trapped in
regions with a high charge gradient and gain enégy the wakefield. These electrons
are accelerated in bunches carried by the plasmasaand can reach kinetic energies
over a few GeV® 2% 30in tens of centimeters, grouped into bunches wgts of
femtoseconds duration, with a total bunch chargeédsen fC and nBY and a few percent
energy dispersion, with divergence under 1 mrad, eurrent peaks of each bunch
exceeding hundreds of ampéies® 34

The breakthroughs in 2004 boosted new joint effartthe high-intensity laser
and accelerator communities (ICFA-International @uttee for Future Acceleratofs),
and within these developments, in 2016 the NortheAoan Department of Energy
published a repd?f! pointing the direction of using lasers to accekegarticles to high
energies in compact systems. Thus, several lastmag of this type have been developed
and currently generate bunches of electrons amaf/@ns (subsequently accelerated).

The interaction of these particles with mattenaidhe development of tunable, compact
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sources of high-energy ionizing radiatffh which are already being used in new
imaging techniqué¥!. Other research applications of laser particleelecators are the
production of isotopes for medicife *°! protontherapy, hadron therdfy**! and fast
ignition in fusion target& 431

Many of the LWFA approaches for accelerating etewd up to GeV use the
blowout regimé&* 45481 in which the laser pulse length is close to thsma wavelength,
in a resonance condition. However, this approaghires laser pulses with peak powers
in the range from 10 TW to 1 PW (duration of tehfemtoseconds and energies from a
few hundred mJ to tens of J), and low-density pksniwith electron densities
n, <10*® cn®). Those laser systems usually have several aenglifiCPA or OPCPA)
that, to avoid detrimental effects from high thekotmrge, operate at low repetition rates
(few Hz or lower), which is inadequate for mostqti@al applications. On the other hand,
Ti:Sapphire systems able to generate a few TW pualsekHz repetition rates are widely
available in many laborator#é8, and they have been presented as an alternative to
acceleration by LWFA in the blowout regime usinggiapulses of a few cycles (~fs), and
high-density plasma waves(>10'° cm®). Although this approach presents electrons
bunches with energies limited to tens of Nl since the high-density plasma reduces
the acceleration length to lesser than a few hwuhdrerometers due to the electron
dephasing lengt®!, many applications that require scanning, matteobipg,
radioisotope production, among oth&rs° become viable on this energy range and
repetition rates. However, the post-compressiorlasér pulses to a few fs and its
propagation, present additional challenges thatlie/the energy losses in the spectral
broadenin§!!, high group velocity dispersion (GM®) %3 and carrier-envelope phase
(CEP) stabilizatioi? 54,

Another alternative to generate MeV electron beschith peak powers of a few
TW at kHz operation rates is the self-modulated IAWYEM-LWFA) regime>> 56 571 with
the additional advantage of not requiring lases@wWompression to a few fs in contrast
to the LWFA using few cycle pulses. The SM-LWFA agmnerate bunches with a total
charge in the nC range (two orders of magnitudadrighan LWFAY® 5% which makes
these bunches attractive for applications wherggla those of radiation is required ¢
61 Promising results showed recently the possibiftaccelerating electron bunches to
MeV using a laser with peak powers as low as 40 &\ pulse energy of ~1.3 Kl
This regime differs from the conventional LWFA bysing high densities

(n, >10 cnt®) and long pulses (tens to hundreds of fs), outsideesonance condition.
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When a pulse propagates through the plasma, its leading edge undergoes stimulated
Raman backscattering'%®!, while the pulse peak undergoes a stimulated Raman forward

65, 661 longitudinally modulating itself and creating a

scattering®¥ and self-modulation!
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.

initial laser pulse laser pulse fimal lazer pulsa
/ \\- .___J’J‘Jmmﬂ‘"\.h N.,ﬂ.”{'illl‘n‘q‘m‘mﬁﬂﬁn
initial plasma density plasma density final plasma density

Figure 1.2 — Evolution of the laser pulse and pkagiensity in SM-LWFA. The laser pulse is
modulated, creating a train of laser micropulsesmant with the high-density plasma wave.
Source: Adapted from MALKA, \F7l,

Besides Ti:Sapphire laser systems, there has been significant progress in ffer
and diode-pumped solid-state laser sys®mshat 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 makingdaplasma acceleration more
practical and enabling numerous applications. Hawneat this moment the SM-LWFA
has not been able to produce electron bunchedlasated and as monoenergetic as the
ones from LWFA, but relativistic energies have athe been report&d..

To generate optimal electron bunches (energiesoupens of MeV, quasi-
monoenergetic and low divergence) in the SM-LWFgimee, or even in the LWFA with
few-cycle pulses, submillimetric and flat-top gasedargets with well-defined high-
densities regions are usually requit@d® "* 72l A simple way to create this kind of target
is by usingsupersonic gas jets generated by de Laval nozZ¥s expanding in a vacuum.
These jets are pulsed synchronously with the Isiset$’!, and their well-defined edges
ensure that the ionization and wakefield formatofy occurs in the region of high gas

density, preventing losses of laser pulse enétgy
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The typical de Laval (or converging-diverging) nlezgeometry is illustrated in
Figure 1.3. In this kind of nozzle, a high-pressgas in the backing chamber originates
a flow, which is subsonic in the nozzle convergsegtion, compressing the gas passing
the throat, through the diverging section where d¢las axial velocity progressively
increases due to a free expansion and after thexhausts into the vacuum environment
as a supersonic [€ ™ Although de Laval nozzles are employed in marffedint
applications, they have been poorly investigateth@tmicrometric scale, being mainly
explored in the context of micro-thrusters for desahle spacecraft "¢ and, only

recently, in laser-plasma experiments in the LWEsp&'" 78l

Backing Carvarging Diverging Jet Expansieon
Chasmier Sacibon Secton r':.
i
T o H -
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Figure 1.3 — Schematic geometry of a de Laval moRlue lines represent the conversion of the
gas flow from the subsonic to the supersonic regimeugh the nozzle converging-diverging
sections.

Source: By the author.

Once the supersonic gas jet is created by theadal nozzle, its diagnosis, as well
as the characterization of the laser-induced plagm#, is essential for a better
understanding of the laser-plasma interaction dyosum LWFA. Currently, one of the
main problems limiting the laser-plasma accelematir reach higher energies and
currents are the instability and reproducibilitytoé electron bunches qualify, which
may come from the dynamics of either the wakeffetdhation or the electron injection
mechanism. Several groups have been studying toislgmi®® & 82 and they are
working on improvements in the control of the exmental parameters (increased laser
operating stability, target reproducibility, etd=or high repetition rate regimes, such as
SM-LWFA, these requirements are even more stran tor low repetition rates or single-
shot systems, since the demand for practical agpits is greater, and maintaining good
operation stability for intervals smaller than ms#iconds should be a challenging t&sk
In this scope, the urging for reliable diagnostiol$, especially those which respond in
the timeframe of the pulse duration has been dimicreasing attenti¢ti: 84 81 as well
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as statistical methods to assist the experirférits 8l A large part of the effort to have
a laser-plasma accelerator installation runnindei¢oted to diagnostic systems, which
are critical for a reproducible daily operatf$h Approximately 10% of the budget of any
accelerator is devoted to diagnostics, which aser@gl to control the experimental
parameters. Several non-disturbing optical metluagisbe used to characterize the gas
jet, the laser-induced plasma, and the electrorchesi®. These techniques include
interferometri?®,  Schlieren  imaging!, spectroscog$?’, and fluorescence
measurements!, among others.

Interferometry is a very accurate technique capalblquantifying very small
optical path differences, and therefore, suitalde rheasuring density variations in
gaseous targets, and laser-induced plaétn&s %4 Additionally, in the SM-LWFA
regime, usually, the laser pulses are tightly feduglose to the diffraction limit) in a
thin gaseous target, limiting the plasma regionl, @onsequently, the wakefield to tens
of um, demanding a highly accurate technique. Fromngrferometry measurement
(interferogram), the phase-shift accumulated bgsail beam propagating through a gas
jet or plasma can be extracted, and consequemity; tensity distribution can be
determined. While a continuously flowing gas targein be diagnosed by CW
interferometry, to analyze a laser-induced plasmiame-resolved techniques are
required® due to the short plasma formation time and exdied fast decd$!, which
would fade the signal in CW techniques due to tkteeenely small duty-cycle. In this
scope, the interferometry made with femtosecondpteal resolution is a powerful
diagnostic tool for LWFA (and SM-LWFA), since thiechnique can characterize the
gaseous target (continuous or pulsed flfly)and also laser-induced plasffas’ %!
during the wakefield formation and electron acaien proces#.

In light of this encouraging scenario, many growpsldwide have been pursuing
advances in the LWFA field and other plasma aca&tmr schemes, from institutions
across North America, Europe, and A In Latin America, our research group has
worked to pioneer the implementation of a lasesipla accelerator at the Nuclear and
Energy Research Institute (IPEN-CNER 192103 The main goal of this proposal is to
produce electron bunches with energy up to teised by the SM-LWFA regime. Those
electrons would be able to generateadiation by bremsstrahlufigf 1% with enough
energy to induce the photonuclear reactifvo (y, n) **Mo, as a future applicati&f®!
for the production of radiopharmaceuticals. Thiermlative for radioisotope generation

could have a big impact on Brazil, which spendsiuatly, an estimated US$ 15 million
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for importing the”®Mol'°isotope. In addition to this benefit, this projepens up a range
of other applications within medicine, such as entiierap$°® and very high energy
electron (VHEE) theragyf® 110

Particle-in-cell (PIC) simulations have been shanus the possibility to generate
tens of MeV electron bunches by SM-LWFA, using TWsab-TW laser pulses and
gaseous targets with submillimetric dimensighgt!? 112 113, 114 |n gddition to
computational PIC simulation support, we are culyefocusing efforts on several
developments required for a LWFA installation, sasha source of high-peak-power
laser pulsé&l proper gaseous and plasma target cre&tfott”! and development and
implementation of diagnostic tools to assist andhitoo the experimentg? 119

During this PhD, | worked on the development afhtéques to manufacture
micrometric de Laval nozzles by ultrafast laserronicachining*® 2% We established a
methodology to manufacture high-quality de Lavakzies by ultrashort laser pulses
trepanning on alumina substrates2@d), a dielectric ceramic. This strategy has been
producing nozzles that originate supersonic jetd witeraction lengths of 100 um and
longer. Those nozzles also were explored in sose-electron acceleration experiments
conducted at the Extreme Light Laboratory (ELL)het University of Nebraska-Lincoln
(UNL), with which our research group has a coopenaagreemeH£l. Furthermore, |
worked on the development of a new time-resolvedhMaehnder-like interferometer
coupled to a pump-probe setup capable of diagndsamgient phenomena in gaseous
targets and laser-induced plasmas on the femtodesmané 18 122 1231 The development
and implementation of this interferometer have mted useful information about the
submillimetric gas jets created by the laser mi@ohined nozzles, and the plasma region
created into the gaseous target. Lastly, the imphation of this interferometer in a
vacuum environment, where the SM-LWFA studies Wwdlconducted, was also a PhD
goal. This step aims to establish a permanent detgnsetup in the future laser electron
acceleration installation at IPEN.

I.1 Thesis outline

This thesis has been structured in the following:wa

Chapter 1. provides an introduction to laser-based plasmalaaters, exploring the

scientific context, competitiveness over converdlaaccelerators, and the evolution of
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this technology. Moreover, the motivation for dtagta laser electron acceleration
installation in Brazil (IPEN) and its challengeg @&xplored, thereby connecting the PhD

aims to this goal.

Chapter 2. reviews the theoretical background on laser-plagmeractions. Topics
include basic ionization mechanisms, interactionasgics between a laser pulse and a
single electron, the collective plasma responsa taser pulse, and a description of
electron acceleration mechanisms. Although no LWBASM-LWFA) outcomes are
presented in this thesis, the topics discussedaptr 2 are the theoretical basis for the

laser-plasma acceleration field, therefore theyevefiosen to compose this chapter.

Chapter 3: motivates the discussion about PIC simulationsesimds a lead-off to
establishing the aims of this PhD, and therefore filrther experimental activities
discussed in the next chapters. Section 3.1 presdnief introduction to PIC algorithms
in general, as well as the specific code of azimlulourier decomposition used by our
research group. Section 3.2 summarizes simulaggumts, demonstrating the viability to
generate MeV electron bunches by SM-LWFA from lasarameters that could be
achieved at IPEN.

Chapter 4. addresses to discuss the two high intensity lagges available in our
laboratory. Section 4.1 describes the T-cube gsem, which is undergoing an upgrade
to implement a second amplifier stage to reaclserlpeak power of about 1 TW enough
to conduct SM-LWFA experiments. Section 4.2 desgithe Femtopower laser system,
which was the system used in the experimentalitieBwdiscussed in this thesis.
Chapter 5: dedicated to micrometric Laval nozzles, which aguired to generate the
gaseous target according to simulation resultstic®®eb.1 describes a simple model for
de Laval nozzles capable to generate supersonifiayes Section 5.2 and the ultrafast
laser micromachining technique used for producimghmmemade micrometric de Laval
nozzle. Section 5.3 discusses the characterizafionanufactured de Laval nozzles by

optical profilometry and scanning electron micrgsco

Chapter 6: dedicated to interferometric diagnostic of the ¢gbitargets in LWFA
experiments. Section 6.1 discusses in detail tepssinvolved in analyzing the
interferograms to obtain the gas jet or laser-irdiuglasma density profiles and presents
a homemade software developed by our group toewetrthose targets. Section 6.2
addresses the development of a CW interferometieip S@ atmosphere capable to

diagnose the supersonic gas jets generated byser tnicromachined nozzles. Section
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6.3 shows the development of a time-resolved Maeinder-like interferometer coupled
in a pump-probe setup to diagnose the evolutiogas jets as well as laser-induced
plasmas. The setup assembled firstly in atmosgkads to an interesting investigation
of the laser-induced plasma formed in air, als@wdised in this section. Section 6.4
discusses the implementation of the time-resolveatiMZehnder-like interferometer
inside a vacuum chamber to diagnose the desiragbtsarfor future laser-electron
acceleration studies at IPEN, which is the firgpsio establishing a diagnostic tool for

further LWFA target characterizations.

Chapter 7: concludes and summarizes the work done in thisshesd provides an
outlook into how these outcomes can be utilizebewefit 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 involviager-plasma interactions in the
LWFA scope is reviewed. The principal referencestiics chapter include the textbook
by Paul Gibboh?4, and the PhD thesis by Ajay Kawshik Arunachatat by Alexander
Savert?8], Jinpu Lid*?", and Ralph Jurtf®l.

2.1 lonization mechanisms

Ultrashort pulses from Ti:Sapphire (Ti28k) lasers have a photon energy around
1.55 eV, which is smaller than the amount requicedhe direct first ionization of usual
LWFA gaseous targets, such as helium (24.6 eV)ratnogen (14.5 eV). Nevertheless,
at sufficiently high intensities, nonlinear effebescome relevant and the interaction with
multiple photons or the strong laser field can potenthe ionization. With a photon
density comparable to the atomic or molecular dgnsf the gaseous target, the
probability that multiple photons are absorbed Bingle atom or molecule becomes ynion
negligible. For that, shotived virtual electronic states can be created witletime in
the order of the pulse duration, given by Heiseglsenncertaint{}2®! for transitions in
the visible and near UV range. This process idathultiphoton ionization (MPI), as
illustrated in Figure 2.1a, and can be describegdsjurbative nonlinear opti¢$”, since
the laser field is weak compared to atomic potérdiad does not distort it. The electron
also can absorb more photons than required fozadion and leave the atom with net

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

a) o ) g =

Figure 2.1 — Nonlinear ionization mechanisms: (a)ltAphoton ionization (MPI) and above
threshold ionization (ATI), (b) tunnel ionizatioil§, (c) barrier suppression ionization (BSI).
The Coulomb potential is represented ) (black solid line) and the laser field potential
represented by, (x) (dashed pink line).

Source: Adapted from SAVERT, &6,
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At higher laser intensities, its electric fieldcerds the binding potential of the
electron, and the process can no longer be tréatdtle perturbative theory. At these
intensities, the dominant ionization mechanismurgnel ionization (TI), in which the
electron tunnels through the potential barrier ltexy from the Coulomb potential
modified by the laser field, as shown in Figureb2.The threshold between MPI and Tl
can be estimated by the Keldysh paran¥ét&ry,, given by:

__ Time to tunnel out Eion
Yk = : : ~ ' (2 1)
Period of laser field 2 Upmax

where€,;,, is the atom ionization energy for a specific stat@lU,, ,,, is the maximum

ponderomotive potential, which is the electron quienergy averaged over one

oscillation period, and can be expressed, in eV, by
Upmax[€V] = 9.33 x 10714(1,[W/cm?] A2[um]), (2.2)

wherel; and];, are the laser intensity and its wavelength, respdyg. MPI dominates
for yx > 1, which corresponds to high ionization energies/@nbbw laser intensities,
whereas Tl dominates fg, < 1, which corresponds to low ionization energies and/
high laser intensities. Meanwhile, the ratio expeesby (2.1) is only valid as long as the
laser field is less than the Coulomb potential. &aen higher intensities, the Coulomb
potential is extremely distorted by the laser fidd@coming smaller than the binding
energy and the electron can be freed spontaneauplpcess called barrier suppression
ionization (BSI), which is a limit case of Tl, dkstrated in Figure 2.1c. The threshold
laser intensity for BSlizg;, can be estimated by setting the Coulomb poteatjahl to

the ionization potenti&f® 13

4
Ipsi[w/em?] = 4.0 x 10° Zenl], (2.3)

2

where Z is the atom ionization state. Although the BSI niopeesents satisfactory
agreement with experimental resiifts 132 133 mainly for simple gaseous species, more
accurate ionization rates can be estimated usinng nowmplex approaches from the finite
laser pulse duration and 3D shape of the atom ¢ecul*?],

Once the laser field ionizes electrons from ataims freed electrons can collide
with ions and ionize them to release more electrdigs process is called impact
ionization (or collisional ionization), causing amalanche effe€t” 34 This thermal

process occurs for times longer than the ultragbalde duration. However, for a high
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target density or long pulse duration, there wdldnough collisional events such that
impact ionization can dominate over the laser iaiin mechanisnig3l,

2.2 Laser pulse and single electron interaction

To understand the interactions between a higmsitie laser pulse and a plasma,
it is worth examining what happens to a singletebecin the presence of the laser field.
Although the laser pulses can be approximated hys§an profiles both in the spatial
and temporal domains, once they are focused td ta@gb intensities, in the focal region
they can be considered to be a plane wave for rmpplcation826l. Therefore, assuming
1D plane waves for the laser near the focus, aesialgctron driven by the Lorentz

forcd!?* obeys:

d d
% = E(yemeve) = —e(E+ v, XB), (2.4)

whereE andB are the laser electric and magnetic fields, raspayg, e is the elementary
chargep is the electron momentumm,, is the electron mass, is electron velocity, and
the Lorentz factor ig, = 1/y/1 —v2/c2, with ¢ as the speed of light in vacuum.
Moreover, the field€ andB can be expressed by the vector potestiaind the scalar

potentialV as:

0A
E=-=-VV, (2.5)

B =V X A. (2.6)
Using the vector potentiad and considering the absence of field sourdés- (),
equation (2.4) can be rewritten to the form:

dp _ 0dp . _ _ 94\ _ _ . _ a4
E_at-l_(ve Vip = e(veXVXA at)_ e[V(ve 4) dt]’ (2.7)

which is explored in the next session for two casem-relativistic and relativistic
electrons.

2.2.1 Non-relativistic case

When the electron velocity is much smaller thangpeed of lighty, «< c), the

contribution of the magnetic force is negligiblargmared to the electric one, expressly
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v, X B| < |E|. This is the classical limityf ~ 1) in which the equation (2.7) can be

reduced to:

dp dA dve ﬂ (28)

— = e —

dt dt Mer = Car

Assuming an electron at rest at the origirt, &t0, its velocity and displacement
can be obtained by making the ansatz A,sin (kyz — wyt)X, a linear polarized plane
wave propagating along theaxis with central wave numbéy, and central frequency

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

v, = fnﬁsin(koz — wot) X, (2.9)
_ BAO _ _ 2
x=-- [1 — cos(kyz — wyt)] X. (2.10)

Both equations (2.9) and (2.10) demonstrate thiiomof the electron (or quiver
motion) as a harmonic oscillation along theirection centered arouredi, /w,m,, while
its position in thez direction remains unchanged. The electron dispiace has a phase
of «t relative to the applieff field (laser), as shown in Figure 2.2, whereasélscity is

/2 out of phase .

— Eletric Field — Velocity — Position

1.0;
05| |

0.0

|
=
un

|
e
m- T 1 - § -

Normalized values

0.2 0.4 0.6 0.8 1.0

=
=

Mormalized time

Figure 2.2 — Normalized relation of phase betweksttlc Field §), electron velocity «,) and
electron transverse position)(in a non-relativistic laser field.
Source: By the author.

2.2.2 Relativistic case

At laser intensities close to #0/N/cn?, at which the electrons velocities approach

the speed of lighti, = ¢), the magnetic force becomes comparable to tlatrieldéorce,
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and the electron dynamics become nonlinear. At itignent, the normalized vector
potentiala is commonly introduced, and its laser strengthapater (dimensionless

amplitude)a, can be related to the laser intengjtyn the following way:

_1 2 _ o 2, 5 (Med)’ _ [nw/em?] @A [um])?
I, = ZSOCEO = 2m°¢g,yC (—eAL) = a, —\/ 37 %1018 : (2.11)

where g, is the vacuum permittivity anél, is the laser electric field amplitude. For
ao, = 1, the electron kinetic energy gained from the ldsdd is equal to electron rest
energy and, therefore, far, = 1 the electron quiver motion becomes relativistic.
Applying equation (2.11) is a common way to deteemivhether the laser field is
relativistic. For a typical Ti:Sapphire laser systél; = 0.8 um),a, = 1 is reached at a
laser intensity; = 2.1x163% w/cn?.
In the relativistic approach, tiRfield and the Lorentz factoy{ < 1) cannot be

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

form:

dA

d d
L= d_t(yemeve) = —€ [V(ve ' A) — atl

i (2.12)

For a plane wave, the conditi%%c- (v, 4p) = %(U_LAO) = 0 is valid for transverse

components. Thus, it follows th%px = ez—f, which can be integrated with the first

invariantCy :
px — eA = (4, (2.13)
wherep, is the electron transverse momentum. Furthernusiag the equation (2.12) to

analyze the electron longitudinal momentum, conducts to the second invariafit

given by:

Ps — e 5y, - P2 =, (2.14)

wherev, = ¢ was assumed due to the relativistic regime. Falactron initially at rest
at the origin, the constan€ andC, are equal to 0 and 1, respectively. Thus, from the
equations (2.13) and (2.14) the following can whioed:

px = €A, (2.15)

2

£ = Mec® (e = 1) = poc = 5 2 (2.16)

mec
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Equations (2.15) and (2.16) are the two conseymdéiws for the electron motion:
the transverse momentup, and the kinetic energg,*?. Using the new ansatz
a = aysin (kyz — wyt)X, with the normalized potential vector amplitudémed asa, =
ed,/m.c?, and in the co-moving reference frame=(t — z/c), the equations (2.15)
and (2.16) can be integrated to obtain the eledtajactory**:

z(7) = fa(z) [T — isin(Zwor)], (2.17)
x(1) = iao[l — cos(weT)], (2.18)
z(t) =0, (2.19)

where the central frequeney, can be written as the laser frequen@y & w;), form
used by many authdt$ 126! The transverse motior(z) oscillates like the classical non-
relativistic motion, described in equation (2.1The longitudinal motionz(7) is a
combination of an oscillation with double the lagezquency, with a longitudinal
translation with a drift velocity,; = caj/(a§ + 4). The Figure 2.3 illustrates the
electron trajectory (quiver motion) for differerdlues ofa, in the laboratory frame and
in the co-moving frameu(;; = 0), the latter containing the typically “figure-8"ation.

It is noteworthy that if a circularly polarized &sis used instead of a linear one, the
electron would describe a circular trajectory wathadiusa,/v2y, in the co-moving

frame and a helical orbit in the laboratory fréitfé

1 1 I .'\ul\.
L -
I I , —
] [1] 1% i 45 L i1] LB -0 =Lt

Z (o f oy ) 2 e fan)

Figure 2.3 — lllustrative trajectory of an electiona relativistic laser field interaction (fay = 1
anda, = 2) observed (a) in the laboratory frame and (b) itoanoving frame, presenting a
figure-8 motion.

Source: Adapted from SAVERT, &1,
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Indeed, a high-intensity laser pulse (in the farfra plane wave at focus) will
accelerate a single electron both transversally landitudinally. However, when the
electron surpasses the laser period, it is dedetbr@nd returns to the initial position
(behind the pulse), although it is displaced towdhe laser propagation axis. While the
symmetry of acceleration and deceleration are tumtlisd, the electron gains no net
energy from the laser field in vacuum accordingh® Lawson-Woodward theoréi?y
136l that is valid since the following assumptions faitélled [*37:

1. The interaction region is in vacuum and is infir(ileere are any boundaries),
2. The electron is highly relativistic along the aeration path,

3. There are no static electric or magnetic fields,

4. Ponderomotive effects are neglected.

Once one or more of the above assumptions aratewl the electron can, in
principle, gain net kinetic energy from the lageld. As will be outlined in the following
sections, a very effective way to obtain a nettedecacceleration with relativistic laser
fields is via the generation of strongly driven bamuir waves (plasma waves), which

violates all of the assumptions made in the Lawdtmodward theoreHe.,

2.3 Ponderomotive force

As mentioned in the previous section, an eleciroma plane wave (constant
amplitude) gains no net kinetic energy. Howeveal| hegh-intensity laser pulses present
intensity gradients in the radial and longitudidiaéctions, with the peak in the laser axis.
This intensity gradient leads radially to a netéon the electron. Here, this net force is
calculated from the equation of electron motiod)2n its non-relativistic formy,=1)
and by including an inhomogeneous electric fiEle= E¢(x) cos(w,t), with a spatial
term that can be described by a first-order Taglqransion:

Es(y) = Es(x)lxo + (Ax ’ V)Es(x)lxo + - (220)

Constant term 15t —order

where Ax = x; — xo. Taking into account only thes'lorder term (homogenous
contribution), for an electron initially at the axi{, = 0), its velocity v; and
displacemenk; can be obtained by integrating equation (2.4ylteg in the equations
that describe the motion of an electron acted ugoan uniform electric field:

e

vy = E (xo) sin(wgt), (2.21)

Mewo



THEORY OF LASER-PLASMA INTERACTIONS | 17

Ax =xq = ﬁw%Es(xo) cos(wyt). (2.22)

The inhomogeneous contribution of the electroniomotan be obtained by
applying equation (2.4) assuming only the motissuling in the non-uniform electric

field andv, X B, given as:

d'l]z _

e = —e[(x1 - V)E(xy1, 05, + V1 X B(xy,0)], (2.23)

wherew, is the electron velocity in a non-uniform electiigd. It is noteworthy that in
this approach the magnetic field force contributiop x B) is relevant, being described
in terms of a non-uniform electric field expansimakingv X B = E X (VX E). Time
averaging over the fast oscillations of the laggdfand using the equations (2.21) and
(2.22), modifies equation (2.23)%&":

dvy ___e
dt)_

2
Fp=m,( " V(E?) (2.24)

4me

where theF, is termed ponderomotive force, which is a resglfiorce arising from a

non-uniform laser field. This net force is proporal to the laser intensity (throud#),
and it is opposed to the intensity gradient, theresfit drives electrons toward regions of
low intensity. It is worth mentioning that the ferapplied on an electron is much greater
than that applied on an ion due to the mass depeeda equation (2.24). Therefore, is
usual to neglect the ion dynamics, assuming thaniains static in this approach.

The ponderomotive force also can be written imgerof the ponderomotive

potential asF, = —VU,,, whereU,, can be equated to the time-averaged kinetic energy

gained by the electron from the laser field, shasn

Up = = o B2 = 3 (02, (2.25)

p 4Mewy

where thgv,) spatial distribution follows the pulse envelope.
For a relativistic electron, a similar expresdionthe ponderomotive force can be
obtained using the relativistic equation of motidrihe electrof3:

e2
Fp = —VUp = —WV(EE), (226)

where(y,) is the time-averaged Lorentz factor. Analogouslyhie non-relativistic case,
the ponderomotive force expels the electron frogmores of high intensity toward lower
intensities. For ultrashort laser pulses, it metdrat, besides the radial motion, the
electrons are also accelerated forwards and badkwaithe laser propagation direction,
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along with an increase in the quivering amplitude do the net energy gained by the
electron from the laser field, as illustrated igue 2.4. The differences in the dynamics
between the non-relativistic and the relativistises arise from the relativistic electron

mass increase (decreasifig) and the magnetic field contribution, which is smiered

throughout this approach.

gliver mobion gliver mobion

Figure 2.4 — lllustrative trajectories of an electin a relativistic laser field observed at a coving
frame under (a) a homogenous laser field (constaansity), in which the electron quiver
motion is a figure-8, and (b) an inhomogeneousrléistd (ultrashort laser pulse), where the
quiver motion increases its amplitude in each laseiod, as well displaces the electron along
the laser propagation.

Source: Adapted from PLATEAU, &7,

For the laser-plasma interaction, the time-aveddgarentz factory,) can be

expressed in terms of time-averaged normalizedhtiaterector:

(Ye) =1+ (a)?, (2.27)

where (a)? = aZ/2 for linearly polarized laser pulses, afa)? = a2 for circularly
polarized pulsé¥’. The more frequently used expression of the pammetive force is
also described in terms of the normalized potentémitor usinga, = eE/m, wjc in

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

F,=-VU

mec?
P P =50, via®). (2.28)

In this case, the ponderomotive potential can Iseniged as:

Upmax = MeC?(Ye) = 1) = Upmax[MeV] = 0511 (w/1 F(a)? — 1) , (2.29)

which corresponds to the average kinetic energgeghby the electron from the laser
field. As an example, a linearly polarized higheimsity laser atl;, =0.8 um with
I, = 4.0x10" W/cn? producesa, = 4.8, corresponding to an electron energy gain of
U, = 0.8 MeV, in contrast to the Lawson-Woodward thedt&: %! As will be outlined
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in the following sections, when the collective pheas oscillations contribute to the
acceleration process, the energy gained by thdrehscis notably greater than the

ponderomotive potential for equivalent laser partanse

2.4 Plasma properties

To better understand the propagation of a lasksepn a plasma is essential to
initially comprehend the electrons collective babavA plasma can be defined as a
collection of ionized matter that admits quasi-n&ityy, meaning that the electrons and
ions charge densities are approximately equal ava@rge scalt®. Under normal plasma
conditions, the ions can be assumed to be motisenpared with the electrons in the
presence of an external field. Due to the ion massbeing much greater than electron
rest mass;/m, > 103), the electron moves considerably faster in eslefield
response, making the ions stationary on the eledtroe scale. Therefore, the plasma
collective behavior is communally described in temhits electrons response.

For an externally applied perturbation in a plassuch as a laser pulse, the
electrons are displaced from the background of,iand an electric field distribution is
created in the plasma. This electric field actsesiore plasma neutrality by pulling the
electrons back to their initial, equilibrium, pasiis. Nevertheless, due to their inertia,
the electrons will oscillate around their equilibm positions with a characteristic plasma
frequency, w,, which from the cold and collisionless plasma agstion (electron

temperaturd’, = 0), can be described as:

,nee2
Wy = E, (230)

wheren, is the electron density (or plasma density). Irelativistic laser field, the
electron oscillation speed reach values close ¢osgieed of light, being necessary to
include the relativistic correction in equation3@). This is done using the time-averaged
Lorentz factor, resulting in the relativistic plasnﬁrequencywﬁp = wﬁ/(ye). It is
noteworthy that since the thermal motion of thectedms is considered, the dispersion
relation for the collective electron oscillationancbe described by the Bohm-Gross
relatiort'41:

wzz),th = O)?) + 3Ut2hkt2h, (231)
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where the electron thermal velocityig, = \/k5T,/m,, with k5 being the Boltzmann
constant, and,;, is the wave number related to the propagatiomefelectron density
oscillations due to the thermal effects. Howeveermal effects play a key role only for
time scales higher than an ultrashort laser pulsatidn (> ps). For that reason, during
the ultrashort pulse laser-plasma interaction fasrpa can be well described as a cold
and collisionless plasma.

The inverse o, is the electrons response time to a disturbingrazt field. For
instance, if a laser field with a frequeney impinges into a plasma, the electrons will
move to restore plasma neutrality. Howevetif> w, the electrons will not be able to
shield the laser field since the period of the tetenagnetic oscillation of the laser is
shorter than the response time of the electronsh &ulasma is called an underdense
plasma once its electron density allows this Ifiséd to propagate through it. Otherwise,
if the plasma has a higher density suchwas< wp, the electrons respond fast enough
and absorb the laser field. This second condit®hriown as an overdense plasma.
Making w, = w, defines the electron density at which the plase@imes overdense,

known as critical density., which is given by:

gomew? 1.1x1021

ne==""—+=n[em™ = FETETR

(2.32)

Although the underdense and overdense plasmafatatisns are commonly employed,
some authors define near-critical plasma with dessin the interval 00.1n,. < n, <
n.[1?%. Moreover, it is worth noting that for the relasitic case, the critical density is

increased ta.(y,).

2.5 Laser propagation in underdense plasmas

The propagation of an electromagnetic wave iruaglerdense plasma can be
described from the Maxwell equations in the matiaren by*42

V-E=——V-P+py, (2.33)
€o
0B
VXE=-2, (2.34)
V-B=0, (2.35)

0E oP .
Vx B =pu(e2 +2+jp), (2.36)
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where we define new variableB:is the plasma polarizatiopy is the charge density,

Is the magnetic permeability that in this conteah de approximated to the vacuum
permeability ¢ ~ u,), and the total current jg= (0P/dt) + js, with 0P/t being the
bound currents, ang the free currents in the plasma. Considering tasmpa as a

dielectric medium, where only the transverse etectrscillations in the electric fielkl

are allowed, results ip; = 0 andJ; = 0. From these assumptions, and combining the

Maxwell equations, is possible to obtain a waveagiqu*2°:

v2E- 22 = L[10F _y(v-p)), (2.37)

cZ 9t2 go L2 ot2

wherec = 1/\/% andV - P can be regarded as zero since only the transuerien

of the electrons is considered. Furthermore, assgiamn instantaneous electrons response
to the external electric fielfl, the polarizatioP can be described in termskfo account

for the nonlinear response of plasma, which ismwivethe vectorial form &$°:

P=Y2160x™WE"= g yWE + gox@PE? + gy E3 +---,  (2.38)

linear response nonlinear response

where the constant® is the first-order electric susceptibility, whidepends on the
microscopic properties of the medium (plasma). Aigaer-order electric susceptibilities
(x@, x® ...) describe the nonlinear response of plasma anendiegiso on the different

powers of the external electric field

2.5.1 Linear response

The linear response of a plasma, relateg@, is independent of the external
electric fieldE, being the plasma polarization directly proporéibio the electric field by
P = ,x(VE. For a purely transverse plasma response, thedarieative of the bound
current results iM2P/dt? = g,xMa%E/0t?, which can be substituted in equation

(2.37) to obtain the following wave equation foriarderdense plasma:

(€] 2
v2Eg = 1P O%E _ (z) 9°E (2.39)

c2 ot2 c/ ot?’

with the refractive index = /1 + y( and, therefore, a propagation veloaity= c/7.
The bound currer@P /dt depends on the transverse electron oscillatiodssarelated to

the electrons velocity by:
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apP

5 = —€NeVe. (2.40)

Combining the time derivative of the equation (3 ¥@h the time derivative of the bound

current produces the following relation:

%P _ 0ve
_at2 = —en,

_ 0%E
e = gox® = (2.41)

In addition, considering the motion of a non-relistic electron, described B, /ot =
—eE/m,, under excitation by a plane wa¥e= E exp|i(wot — kox)], the equation

(2.41) yields an expression for the plasma elestrgceptibility:

W) __€n _ _9
X = Megows w2’ (2'42)

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

electromagnetic wave with a frequengy, can be described as:

2
np:,/l‘}‘)((l = ’1—(:)—:2;: ’1—2—? (243)

For underdense plasmas, in whigh< n_, this refractive index is smaller than 1; on the
other hand, for overdense plasmas % n.), the refractive index becomes imaginary,
indicating that the electromagnetic wave is absbdznot propagate into it.

The propagation velocity of the electromagnegddfioccurs at the phase velocity
vy, and can be described using the plasma refraictilex and the equation (2.43):

o c 2wk

Vp =—=—= ,
® " ko mp (w3-w?)

(2.44)

which shows thaty, > ¢ in an underdense plasma. Moreover, equation (prxj)ides
the dispersion relation of an electromagnetic waile a frequencyv, and wave number

k, propagating in plasma, given by:
w§ = wp + c?k§, (2.45)

which shows that the minimum frequency allowed fible propagation of an

electromagnetic wave through a plasmajs as already mentioned in Section 2.4. A
more realistic description of a laser pulse consideGaussian distribution of frequencies,
which can be decomposed in several monochromatiesyand also satisfies the wave
equation (2.39). However, during the laser pulsgpagation through a plasma, each

frequency component experiences a different refradndex. Thus, each frequency
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component travels with a different phase velodigt introduces changes in the temporal
structure of the laser pulse, a phenomenon soecdigpersion. The velocity with which
the pulse envelope moves in the medium can beestumi assuming an overlap of the
two monochromatic waves of the same amplitude sitghtly different frequencies
(wy + Aw) and wave numberk{ + Ak). From these assumptions, the resulting electric
field can be described By

E = Eoei[(w0+Aw)t—(k0+Ak)x] + Eoei[(wo—Aw)t—(ko—Ak)x]’ (2.46)
from which the real component of the resultantteiedield is:
E = 2Ey cos(wyt — kyx) cos(Awt — Akx), (2.47)

where the first cosine corresponds to a plane wétrea phase velocityy, = wq/k,

whereas the second cosine is a modulatidingi\k wavelength traveling at a velocity:

Aw w
E = a = 'Ug. (248)

It is noteworthy that this analysis can be extenttethclude more frequencies,
providing a better representation of a real lasgsg However, the conclusion will be
basically the same. Thg is termed the group velocity, and it refers tovatcity of the
laser pulse envelope moving through the mediumghviar propagation in an underdense
plasma can be characterized by its refractive ingexsing the dispersion relation from
equation (2.45):

2

3 k
=2 0 = c% = c1)p. (2.49)

v, =— = —
g
L P

At relativistic intensities, the plasma frequeayd the critical density need to be
corrected due to the electron mass increase teltsyw;, = w}/(y.) andn.(y.), as

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

o [
1 (Ve)wg 1 (Ve)nc. (250)

2.5.2 Nonlinear response

The nonlinear response of a plasma to an exteslegtric field E can be

understood from the plasma refractive index in équg2.50), sincdy,) = /1 + (a)?

is dependent on the intensity of the electric fielthus, this dependence originates
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propagation effects during the laser pulse dispres# through the underdense plasma,
such as ionization-induced defocusing, relativiahd ponderomotive self-focusing, and
self-phase modulation. These effects can be retategfractive index changes following
the temporal and spatial profile of a laser pudseyell as the local plasma density. In
addition, the effects can be studied by introdu@egurbations in the plasma density in
the formn, = n, + én,, and in the laser central frequeney = w, + dw,, where
én, K n, anddw, K w,. Using these perturbations terms in the linear@pmation of
the refractive index of the plasma, which is ondflid for an underdense plasma with

n, < N, the equation (2.50) can be rewritten as:

1 Ne+dne

1
Mp = 1- E,/1+(a)2 (wo+8wg)?’

(2.51)

For a linearly polarized laser pulse with non-iglatic intensities ¢, < 1), the
inverse of the time-averaged Lorentz faclgi(y,) = 1 — a3 /4, can be used in equation
(2.51) and expanded [&s26}

1 2 2 S e k)
np=1_zz_§(1_j—o+ni—zﬂ). (2.52)

e wWo

Likewise, for relativistic intensities af > 1), with 1/(y,) = (vV2/ay)(1 — 1/a3),

equation (2.51) can be expanded to:

2
M =1— b (1——+ 2 — 2920), (2.53)

VZ w2ay az = ne wo

The refractive index dependencedn,, Sw, anda, yields several different effects that
impact the laser pulse during its propagation tghoan underdense plasma. For instance,
the normalized density perturbatién, /n, is the term influenced by transverse electron
modulations that can produce self-focusing effefs dn./n, < 0), or plasma
defocusing effects (fa¥n,/n, > 0), and the normalized frequency perturbatan, /w,

Is responsible for seffhase modulation. In this Section, each of thefezsfis studied

in detail using different mathematical approachesddition, although each effect could
compete with others depending on their strengliey; &re treated independently and any

combination of the propagation effects is ignorad tb the complex required analysis.

lonization-induced defocusing (plasma defocusing)

Considering the propagation of a laser pulsegaseous target such as argon, for
non-relativistic laser intensities exceeding the gmization threshold, the ionization
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process results in a decrease in the refractivexisthcer, = (1 —n, /n.)Y/?. However,
the laser pulses usually present a radial Gaugsiansity distribution centered on the
propagation axis that results in an electron derdigtribution related to the various
ionization levels of the gas, as illustrated inUfe 2.5a. It corresponds to a resulting
plasma refractive index and a laser phase veladgytical to propagation in a negative
lens as shown in Figure 2.5b. This reduced phdseityeat the peak of the laser intensity
leads to a defocusing effect. For a wavefront thdieing focused, this causes first a
decrease and then an increase in its radius oéture: Thus, the laser pulse propagation
continues to be dominated by the defocusing effdule its intensity exceeds the

ionization threshold.

a) il Intensiy  — lomsation sheps  —nedr b) o T =

GOy 1005 1435
i i _\""\-\.:' 0 ] 103 5
z \ [0S w (535 1028 &
o PR
2 0 JI,-' Al 7 B e 093 ' 5
< W'l ops s 20985 1015 &
S04 {{l ll"., i 5 nes Fim F
E bz 4 e i [P ] + 1405
- o=7 !
Lo . iy . I
. C L | LR ] T T + W35
00-150-100 -50 0 50 100 150 200 il i o 0 i
, e o Lt ALF b
Radius {pms| Radius { wim]

Figure 2.5 — lllustrative changes of plasma refvacindex in the ionization-induced defocusing
effect: (a) Laser intensity with a Gaussian radiatribution (blue line) with the corresponding
ionization intensity levels for argon (orange lire@)d a smooth plasma density profile (black
line), where the transition of the argon ionizatgiates is assumed to be smooth between the
two related successive ionization states. (b) Ratiaribution of the plasma refractive index
(blue line) and laser phase velocity (orange line).

Source: Adapted from ARUNACHALAM, A, K25],

The formulation of the ionization-induced defocugieffect can be studied by
assuming a Gaussian beam focused to a beamwgistorresponding to a Rayleigh
lengthz, = nw§ /A, and focused half-angleé = 1, /nw,, as illustrated in Figure 2.6a.
Due to the plasma defocusing effect, after a prapag distance ok in a timet, the
wavefront undergoes a tilt by an andle as shown in Figure 2.6b. The on-axis

propagation velocity(’p is different from that of the edgg,, which can be obtained from

the wavefront position:

c c 1ne
x—v¢t—%t—mt~C(1+zn—c)ﬁ (254)

whereas the on-axis distancelue to the electron density + én, can be described by:
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N e l& l(gne
X —v¢t—\/mt~c(1+ + c)t. (2.55)

Comparing (2.54) with (2.55) results in:

et = x + 6x, (2.56)
2n,

x'=~=x+c

with the displacemenix = cén,t/2n.. Following, the tilting angl® for small values

can be described by:

ox ct én
OD~tanf=—=——= :
Wy Wy ch Wy ZnC

X One (2.57)
Since the laser is being focused at a half-afglthe plasma defocusing is neutralized
when6 = 0. Thus, considering a propagation distance ef 2z; ~ ct, the ionization-

induced defocusing effect dominates as lortf%s

w1 6n,

2
8=2 >@=A—L:>%>(A—L), (2.58)

AL wq 2n, wy ne Wy

where this condition has a good agreement for rsgiommediately around the focus
position. In practice, ionization-induced defocgsian impair the achievement of the
desired laser intensity at the focus. However,igglayed in equation (2.58) this effect
can be compensated by going for either a tightardimg geometry, pre-ionization of the

medium target, or choice of a target with feweiization levels.
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Figure 2.6 — (a) Propagation of a focused Gaudaser beam at a divergence half-ar@land (b)
its flat wavefront tilt after a propagation distaenc= 2z.
Source: Adapted from ARUNACHALAM, A, K25],

Self-focusing in underdense plasmas

The self-focusing of a laser pulse in underderasnpas can be a result of two
effects: the relativistic increase of the electnosss close to the laser axis, and electrons
depletion on the laser axis due to the ponderoradtixce. In addition, the self-focusing
contributes to a further increase of the lasemsitg as well as the focused laser guiding

over longer distances than the Rayleigh lergth
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To investigate the relativistic increase of theclon mass effect during the laser
pulse propagation in a plasma, the effects of pmmetive electron repulsion will be
neglected. Considering a linearly polarized lasalsg propagating in an underdense
plasma with uniform density, the plasma refracindex can be described in terms of the
normalized vector potential:

=1 —1“’—%’(1 - %), (2.59)

2 w? 4

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

uniform plasma, the refractive index described tpyagion (2.59) increases in the axis of
the laser pulse due to its higher intensity, arel dbrresponding laser phase velocity
decreases, as shown in Figure 2.7b. This effecésponds to a plasma refractive index
and a laser phase velocity distribution similatht® propagation through a positive lens,

making the pulse undergo self-focusing until ik@npensated by natural diffraction.
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Figure 2.7 — lllustrative changes of plasma refvadndex in the self-focusing effect by relativist
electron mass: (a) Laser intensity with a Gaussaalial distribution. (b) Radial distribution of
the plasma refractive index (blue line) and lagerse velocity (orange line).

Source: Adapted from ARUNACHALAM, A. K251,

This effect is known as relativistic self-focusifRSF) and its critical laser power,
Prsr, €an be derived from balancing the natural diticacof the laser pulse with the
seltfocusing, where a known result for a laser pulsth\ai Gaussian radial profile is

represented B4

2 2
Prsp = — (i) = Prsr[GW] ~ 17522 = 17.5%¢, (2.60)
wp Ne

2TEY \Te

wherer, = e?/4msym,c? is the classical electron radius. For typical higmsity LWFA
experiments witm, = 0.05n,, Prsr =350 GW, which is a laser power easily reached by

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

s[1431

demonstrated for hydrogen target , where for laser peak powers P, < Pggr the
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ionization-induced defocusing effect dominates, and for P, > Prgr the relativistic self-
focusing takes over.

To understand the second self-focusing causedéyponderomotive force, is
essential to remember that this force originateshfthe laser pulse nonuniform intensity
distribution during its propagation in an underdeptasma, and it acts from higher to
lower intensity regions (Section 2.3). For a higtensity laser pulse, this force is strong
enough to radially expel the electrons from thesaamnd form an electron depleted
channel, as illustrated in Figure 2.8&us, 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 2.8bThe electron depletion in the
central focal region acts as a positive lens fa lgser pulse propagatiéfy. It is
noteworthy that although each self-focusing effé@s a different mechanism,

experimentally both self-focusing effects are ba$yc indistinguishable from one

another.
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Figure 2.8 — lllustrative representation of pondentive self-focusing effect: (a) schematic

representation of the electron cavity formation daethe ponderomotive expulsion of the

electrons in the laser focal position, and (b) tetetdensity variation (red line) across the cavity

in the steady-state limit corresponding to a lasemsity with a Gaussian profile (blue line).
Source: Adapted from ARUNACHALAM, A. K251,

Self-phase modulation

When a laser pulse is focused into a gaseoud tdingepulse leading edge ionizes
the gas atoms, and the subsequent laser propagatorunderdense plasma depends on
the interdependent evolution of the plasma eleatlemsity and the laser intensity. The
change in the instantaneous frequency of the jasise due to the intensity dependent
plasma refractive index in the longitudinal directis known as self-phase modulation
(SPM). This effect can be understood as analogmgelf-focusing on the longitudinal

direction in the plasma, and it can be investigéedssuming that the linearly polarized
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laser pulse envelope and the longitudinal electtemsity profile remain unchanged in
the co-moving reference frame of the laser pulags the instantaneous plasma refractive

indexn, (7) can be described by:

1ne(r) | 1n.(1)
(D) = Mpo(D) + 12 (DI (D) = 1= ;2 =+ = =af(D),  (2.61)
np,O(T) Np,21L(T)

where I, (t) refers to the laser intensity in the co-movingerefice framep,,
corresponds to the linear contribution of the retfve index, whilen,, , is the nonlinear
contribution fora, < 1. Otherwise, fou, > 1, n,,(7) has to be modified accordingly to
equation (2.53).

The phase shiftp(7) accumulated by different parts of the laser pulter a

propagation distanck can be given by:

(1) = Po + woT + Pspy (1), (2.62)
where ¢, is the initial phase shiftp, is the central frequency, anly,, refers to the
accumulated phase shift due to the instantane@ssngal refractive index, (), which

can be expressed by:
bspu (1) = il fL Mp (v)dx, (2.63)
Ao 70

from where the instantaneous laser frequesn€y) can be described in the following
form:

d [2 L 2 d

E[A_:fo r)p(r)dx] = wy + A_:LEUP(T)’ (2.64)

Sw(T)

0(®) = =¢(1) = wo +

wheredw(7) is the instantaneous frequency change causedebipmiization and self-
phase modulation effdt®®. These changes can be visualized in Figure 2.9hen
temporal and frequency domains of a Gaussian pagse during its propagation through
an underdense plasma; Figure 2.9a shows that dtivengaser pulse leading edge, the
electron density has been assumed to steadilyaserand after the peak intensity, it
remains constant, neglecting the ponderomotivetsffé&igure 2.9b shows the refractive
index profile in the co-moving reference frame &mel instantaneous frequency change
after a propagation distance in plasma; Figure &@ws the corresponding self-phase
modulated electric field of the laser pulse, whitre frequency modulation is evident;

Figure 2.9d shows the SPM broadened spectrum.
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Figure 2.9 — lllustrative representation of selfpb modulation effect during the laser pulse

propagation in an underdense plasma: (a) lasee puselope intensity profile along with the
corresponding electron density profile. (b) theiation of the refractive index profile and the
laser instantaneous frequency. (c) the modifiectede field of the laser pulse after the
propagation ofn plasma. (d) the unmodulated (original) and self-phase modulated spectrum of
the laser pulse after the propagatioin plasma.

Source: Adapted from ARUNACHALAM, A. K251,

2.6 Plasma wakefield generation

As previously described, when an intense lasesepplropagates through an
underdense plasma, its ponderomotive force pustigslly the electrons from the ionic
background. Since the ions remain stationary, #onmasve electric field pulls the
electrons back, thus establishing electron dewsityllations at the trail of the laser pulse,
a so-called plasma wave with a frequengy As far as the laser pulse propagates with
its group velocityy, through the underdense plasma, it continues th fhes electrons
away from higher intensity regions, leading to aspha wave with a relativistic phase
velocity vy, ~ v, (close to the laser pulse envelope). This proegé®volve to create
laser-generated wakefields in the plasma, andnitbeaderived from an analysis in the
one-dimensional (1D) nonlinear regime and modefirgplasma as a cold fldié* 126!
as described in this section to reduce the comgleXhus, assuming the quasi-static

approximation (QSA) in which the laser pulse doatsavolve over the transit time of the
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plasma, and can be represented as a function afoibrelinate = x — v,t in the co-

propagating frame, the generation of 1D plasma wanethe cold fluid limit can be
described by:

1920 vy 1+a2 |72
12 ogz Yo {7[1 B y5(1+¢>2] — 1y (2.69)
wherek, is the plasma wave numbep, is the electrostatic wake, is the normalized

potential vectory, = ,/1 — v,/c is the Lorentz factor associated with the groupaity
of the plasma wave. If the laser group velocitglagse to the speed of light(~ c), the

equation (2.65) can be reduced¥

(2.66)

L1o%0 1y 1+a® _ ]
k3 0&2 2 l(1+ )2

Solving the differential equation (2.66) for thek@gotential, some wakefield properties
can be calculated, including the longitudinal eiecFigure 2.10 presents two numerical
solutions for the equation (2.66) correspondinghi® wakefield generated by linearly
polarized laser pulses with low intensity, (= 0.3, Figure 2.10a) and high intensity
(ap = 3, Figure 2.10b), both plots using a plasma with iaitial density of
Neo = 10" cm™. In addition, the laser intensity plotted as th@ase of the normalized
laser potential function?, and the plasma density and the longitudinal etefield are
normalized. It is worth noting that in the higheansity cased, > 1), the plasma wave
is strongly nonlinear and the characteristic etatttensity spikes are formed with almost

linear electric fields between them.
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Figure 2.10 — Plasma wakefield formation from atedriver with Gaussian temporal profile with
a duration of 5@s (FWHM). The plots show the laser intensity (magenta line), theéensity
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, &7,
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This ability to generate longitudinal electriclfie makes plasmas an attractive
medium for electron acceleration. However, the ituagnal electric field cannot reach
infinitely large amplitudes. When the plasma gragtocity (velocity of the electrons
composing the plasma) becomes equal to the phdseityeof the plasma wave, a
singularity is formed in equation (2.66), which pnactice corresponds to an overlap
between the trajectories of neighboring chargesirdée®l. This is the point where the
wakefield no longer can increase and breaks dowis process is called longitudinal
wave-breaking and it defines a limit to the maximetactric field supported by the
plasma wave. For the non-relativistic cold waveakieg limit!4’ this electric field is:

MewWpC

EypolV/m] = = 96,/n,o[cm~3]. (2.67)

Otherwise, for relativistic velocities, a new linfidr the wave-breaking electric field in
cold relativistic plasmas described initially by &zer and Polovitf? takes place as:

Ewp Wo __ 1
f 2 (w,, 1) <. (2.68)

Nevertheless, in warm plasmas the electrons hagreehinitial velocities and can travel
out of the high-density spike below the cold waveaking limit, being self-trapped in
the plasma wave. This new limit for the wave-braglelectric field in relativistic warm
plasmas was derived from the warm relativisticdfltiieory**® 5% and is given by:

1

Buwbth _ (i mecz)z, (2.69)

EWb,O 27 Te

whereT, is the electron temperature in eV. For instanggyiaing a plasma with a density
n, = 10°° cm® and temperatur&, = 200 eV, as well as a laser pulse with= 2, the
maximum longitudinal electric field can be compafedthe three wave-breaking limits
by equations (2.67), (2.68), and (2.69), as preskint Table 2.1.

Cold non-reativistic Cold relativistic Warm reativistic
plasma plasma plasma
Eypo =300 GV/m E,, = 1470 GV/m Eyp,en = 1320 GV/Im

Table 2.1 —Wave-breaking electric field limits ftifferent plasma regimes estimative at a plasma
with n, = 10! cnT® andT, = 200 eV, and laser pulseat= 2.
Source: Adapted from SAVERT, 9],

To summarize, the relativistic effects increasanificantly the wave-breaking field in

comparison with the non-relativistic regime althbuge longitudinal electric field, even
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for the non-relativistic regime, is already adeguat electron acceleration experiments.
However, it is worth mentioning that in more rettisapproaches with 2D or 3D
geometries using PIC simulations, the transvertectsf can lead to wave-breaking at

lower wakefield amplitudé%5: 1511

2.7 Laser wakefield acceleration

Tajima and Dawson have propoBédhat the ponderomotive force of a strongly
focused laser pulse can excite a plasma waverthadl$ with a relativistic phase speed.
They have also demonstrated that although a fjgis required to create a wakefield
efficiently, it is also necessary to achieve a matndition between the laser pulse length
and the plasma waves wavelength. This resonanabticoncan be expressed by:

ct, =2, (2.70)

where thel,, is the plasma wavelength aid, is the laser pulse length, bemgthe pulse
duration (FWHM). Under these conditions, if eleasare trapped inside of the spatial-
temporal plasma density oscillations (such as &sgatching an ocean wave), those
electrons can be accelerated up to a few GeV ofesy aentimeterd” by the longitudinal
electric field (wakefield) created by the chargepasation, as illustrated in Figure 2.11.
Besides the wave-breaking as a mechanism to sg@ifeliectrons, other methods also are
explored, such as colliding puls® %% jonization induced” %4 shock wave®® 156

and density-ramp injecti®fi” 58l
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Figure 2.11 — Scheme of the laser wakefield acatiter, where the leading edge of the intense laser
pulse creates a plasma wave capable to trap tb&aleounch, which is further accelerated by
the longitudinal electric field in the direction lakser propagation.

Source: Adapted from LIN, %71,
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The laser-driven electron acceleration in undesdgrlasmas is a process known
as laser wakefield acceleration (LWFA) and it caroperated in different regimes. The
most efficient is the so-called blowout regimel§abble regiméj? 25 which operates at
high nonlinear wakefieldag > 1) and close to the resonance condition expressed by
equation (2.70), as well as with the focus radhesa(nwaist) also close /2. These
spatial requirements can be reached by adjustiagsite of the focal spot using the
appropriate focalization optics, while the temparahdition can be obtained using a
plasma density that matches the pulse durationh&umore, as shown in Figure 2.10b,
for a high-intensity laser pulse, the plasma wakkes have large amplitude as well as a
longitudinal sawtooth-like electric field. Theseatiges in the plasma wave allow a new
definition for the plasma wavelength for a high lrear wakefield, such as LWFA in
the blowout regime. Thus, the nonlinear plasma VeagthA,, ,,; is given by#5:

22' Emax
Apmi = Tpm (2.71)

whereE,,,, IS the maximum electric field amplitude of the hoear wakefield. This
lengthening of the plasma wavelength has an impbefect on the transverse shape of
the 3D nonlinear plasma waves. Due to the Gaussiansity profile of the laser pulse,
the wave is driven more strongly on-axis, whichuhessin a curved wavefront of the
plasma wave. Thus, for an intense nonlinear wakkfiee volume behind the laser pulse
becomes depleted of electrons, forming a so-catiadbubble. This blowout regime
(bubble regime) presents a stable acceleratingtatelidue to the longitudinal electric
field; meanwhile, the laser electric field (focusifield) decreases with the radial
distance. These characteristics promote accelardijoamics that can generate quasi-
monoenergetic electron (QME) bunches with high gywend low divergence, suitable
as particle sources in several applicatidr8l. Figure 2.12 presents a 3D PIC simulation
illustrating the blowout regime and an analogy tedato a surfer surfing the wave

generated by a boat.
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Figure 2.12 — Analogy between (a) a typical PICuation of LWFA operating in the blowout
regime and (b) a surfer surfing the wave generatdke back of a boat.
Source: Adapted from PLATEAU, &9,

For a laser pulse longer than the plasma wavdiefagt > 1,), the LWFA can
be made possible by another mechanism outside@édonance condition, the so-called
self-modulated laser wakefield acceleration (SM-LAYFegimé?* 33!, This regime can
be reached even starting from a non-relativisteet intensityd, < 1), provided that
the pulses surpass the critical power for relditviself-focusing,Prsr (equation (2.60)),
what can be obtained by increasing the plasma tyer@nce this condition is met, this
self-focusing increases the laser intensity totisetdic values ¢, > 1). In the SM-
LWFA, the laser pulses undergo a self-focusingogffieat promotes laser instabilities as
stimulated Ramar?.. These perturbations can periodically changeaberlpulse group
velocity yielding a modulation in its intensity fite, leading to the growth of spectral
side band&, + nw, andw, — nw, (withn as an integer) scattered by the plasma waves.
This process increases the amplitude of the lodgitd plasma waves and breaks the
pulse intensity profile into a train of shorter pes separated By, as already illustrated
in Figure 1.2. Thus, since the short pulses arenaas with the plasma wavelength, they
are capable to accelerate electrons. In practiteyugh SM-LWFA experiments can be
operated at lower laser intensities, usually teetebn bunches have high charges but are
no longer QME, do not have low divergence, andraxanore energetic than in the

blowout regime.

2.8 Electron acceleration limits

Although plasmas can sustain longitudinal eledietds with amplitudes over
GV/m, as discussed in Section 2.6, the electronaatabe accelerated and gain energy
infinitely. The final electron energy is determinég the interaction between the
accelerating field and how far this field can betained. There are different effects
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capable of limiting the acceleration field extestell as the electron energy gain. In this
Section, those effects are discussed individuddiggwith analytical expressions derived

from the 1D approacit®.,

2.8.1 Diffraction

Due to the high laser intensities requirementivedWFA experiments, the laser
pulses are focused on the target. As a conseqoétive diffraction, outside the confocal
parameterb = 2z, the laser spot size increases rapidly and, coeselgy the laser
intensity quickly drops. Although self-focusing efts can lengthen the focal region, it
does not extend it to mamy. Thus, the electron acceleration length cannauséained
for long distances, and the diffraction limits te@ergy gain. Nonetheless, some
experimental methods have been investigated famelitg the acceleration length by
external guiding structures with a preformed plasthannel before the arrival of the

laser-driver pulgb 161]

2.8.2 Laser depletion length

A portion of the laser energy is required to ceesmtd sustain the plasma waves.
While the leading edge of the laser pulse ionihestéarget and interacts with the plasma
formed, the trailing edge resides within the iodi@nnel. This spatial variation of the
electron density along the pulse envelope etchey élwe pulse starting from its leading

edge with a velocitw,,., = cwj/wf, moving the leading edge backwards. Thus, the
laser pulse is depleted after a depletion legth,, given by?* 162

2
Liepr = (2—:) = fora, < 1, (2.72)

ag
2
Laept = (3—;) et foray > 1. 2.73)

When the laser pulse loses a substantial portiais ehergy, the plasma wave amplitude
decreases, and the electron acceleration procemsrisated. In addition, a sharp shape
of the laser pulse leading edge, as well as thradtion of a plasma density spike, can be

observed at the depletion positiGH.
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2.8.3 Dephasing length

Usually, the electron bunches travel with velestclose to the speed of light
while the plasma wave propagates with the samepgrelocity of the laser pulse, which
is slightly less tham. Once the electrons travel faster than the plaseees, after some
distance within the acceleration region they wiltex into a deceleration region, as can
be understood by referring to Figure 2.13. Thishdspng between the electrons and
plasma waves can be expressed in terms of the@isgbropagation distance until the
dephasing takes place. For the blowout regime, dijshasing lengtli,.,, can be
described by? 162

3
Laepn = % fora, < 1, (2.74)
2 23
Ldeph =~ gﬁ,/a ) for aop > 1. (275)

It is noteworthy that the dephasing length is larfgelower density plasmas singg o

1//n., which makes low-density targets more attractiveré¢ach higher energies.

Furthermore, the dephasing effects usually domioasr depletion ones to limit the
energy gain, and the depletion length only oveddke high laser intensities{ > 1).

For the blowout regime using the resonance conditig ~ 1,/2, this comparison is

easily observed by the ratlg.,;/Laepir = 44/ ao/3m, valid fora, > 1.
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Figure 2.13 — Charge density distribution on theetgpolarization plane in a typical LWFA PIC
simulation. The dark green line represents thexam-@ensity, and the pink line is the on-axis
longitudinal electric field (wakefield), created the charge distribution. An accelerated electron
bunch can be observed inside the first ionic cavatypund 674 pm, where the wakefield is
negative, accelerating the electron bunch forwésd;z > 680 um the wakefield is positive,
defining a deceleration region for the bunch. Tlephdhsing length for this ionic cavity is
Lgepn = 7 um, from ~673 um to ~680 pum.

Source: By the author.
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2.8.4 Maximum energy gain

The electron maximum energy gain in the wakefiglg,,., can be determined by
the acceleration length and the acceleration figld. Assuming thal.p, < Lgep; fOr

typical experimental parameters, itg,,,, can be described B:

Winax[MeV] = eEqccLaepn = 630

1,[W/cm?] {1 fora? « 1 (2.76)

2N,/ for af » 1’

Ne[cm™3]

whereN,, is the number of plasma periods behind the lasisepThe equation (2.76), as

well as the other analytical expressions presemntéuis section, were derived in the 1D
approach for plasma wakes. Although these expmsgoovide a good picture of the

LWFA mechanisms, more realistic 3D approaches dgnifeantly change these

expressions. Thus, particle-in-cell (PIC) simulatidhave been largely explored in this
field to better understand, predict, and intergrgierimental results. Such simulations
can predict experimental results with good accesacsuch as electron bunch energy
distribution, charge, and divergence. Chapter 2ladicated to discussing the PIC
simulation, where a brief theory is presented aloiifp some results obtained by our
research group to motivate the subsequent expetamessults also discussed in this

thesis.
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3 PARTICLE-IN-CELL SIMULATIONS

In this chapter, particle-in-cell (PIC) simulatmare briefly discussed, with an
initial theoretical description of the method, @lled by the motivation for using PIC
codes to predict experimental possibilities from ¥rable infrastructure in our laboratory
at IPEN, and some PIC simulation results that leidhe subsequent experimental
activities described in this thesis. It is notewugrthat | personally did not perform PIC
simulations during the development of this workhaligh | have participated in their
discussions with other members or collaboratorsurfresearch group. However, since
the PIC simulations were crucial for establishing aims of my PhD, the existence of

this chapter becomes also crucial to a better statgaing of the next ones.

3.1 Introduction to particle-in-cell algorithms

Particle-in-cell (PIC) computational codes areoalpms developed to study the
interaction in 3D systems with many particles, sasiplasmas. These codes simplify the
interactions by clustering a large number of plsién so-called cells (or macropatrticles)
evaluated according to their weight, and the imtgvas occur between each defined
macroparticle, saving significant computationalqassing resource&’l. PIC algorithms
usually discretize the space into a grid, whilegheg the electric and magnetic fields
(both electromagnetic and originated by chargesicoous, and then calculate the
response of the macro particles in its self-coasidield. This process is repeated in each
timestep of the simulation, which establishes saviggration cycles between the fields
and the collective behavior of the particles. Fegg8rl shows a flowchart of an interaction
cycle, where: (1) the fieldE andB are gathered from the grid for the macro particles
position x; and added to external fields, as those from & lpskse; (2) the particles
respond to the total fields using the motion egqunetiwith their positions; and momenta
p;; (3) the charge densigyand currenj f the macro particles are calculated fraprand
v;, and the particles are placed at their new powstia the grid; finally, (4) the fieldB

andB are pushed in time.
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Figure 3.1 — Scheme of the self-consistent inteaaif macro particles and electromagnetic fields
in a discrete timestep, where the variables relatdélde macro particleg; andp; as well as the
fields E andB are updated in each step.

Source: Adapted from FBPIC algorithm & features site%4,

In our research group, the simulations were peréar using a derived PIC
algorithm, the Fourier-Bessel particle-in-cell (ABIPoriginally developed by Remi Lehe
at Lawrence Berkeley National Laboratory and Mankiethen at CFEL, Hamburg
University*®* 1851 This code is developed entirely in Python fodging plasma physics
in relativistic regimes, being suitable for LWFAmilations. FBPIC uses an azimuthal
Fourier decomposition in a cylindrical geometryttisalits the fields into azimuthal
powers components defined by two coordinateg)( while the macro particles move in
3D Cartesian coordinates. The cylindrical decontpmshelps in modeling several of the
laser-plasma interactions, which presents a naamahuthal symmetry. Since the grid
calculations are done in only 2D coordinates, tBeIE code uses less computational
resources (time, memory, parallel processors) comp@ full 3D Cartesian codes. The
amount of computational resources spent also depmnthe chosen number of azimuthal
modes represented in each grid. A higher numbenafes demands more resources,
although it improves the modeling of the physicabljpem. Generally, LWFA
simulations use three azimuthal modes.

Another advantage of the FBPIC code is its corbpday with GPU (graphics
processing unit) from NVIDIA. GPUs are suitable fparallel processing of the

algorithm, as they can run a large number of tasksaltaneously. For typical simulations
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and modern hardware, the use of GPUs decreasesaitessing 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 poedicting LWFA results, our
research group and collaborators have explored EBBtles with different parameters
that attend to our joint efforts. However, the ihparameters need to be in accordance
with the feasibility in our laboratory, more specdlly the Ti:Sapphire laser systems
available and under development at IPEN that aseudsed in detail in Chapter 4, which
are expected to generate ~50 fs pulses, with ~50fradergy. Thus, the simulated laser
parameters should have peak powers around 1 TWn Rhese laser parameters,
assuming that the laser pulses are focused tquan-Beamwaist which is experimentally
difficult, but it still yields non-relativistic irgnsity witha, < 1 according to equation
(2.11). In practice, the laser intensity, as wslhg should be even lower due to laser
energy losses during the focalization. Under thesiide laser parameters available at our
laboratory, our group must work in the SM-LWFA megi with high-density targets
(n, >10* cnt). In the last years, our research group and colébrs have explored PIC
simulations in this regime using laser parametlersecto those mentioned above, which
have been demonstrating the feasibility to accedegkectrons up to the MeV range.

In 2021, our research group and collaborators i a work® using PIC
simulations to study the generation of MeV electbonches in the SM-LWFA regime,
driven by a few TW and sub-TW laser pulses. Thigllaf investigation had already been
explored by our group since 2017, motivating thekndescribed in this PhD thesis, and
resulting in publications in international confecerproceedings® 2 In this section,
some outcomes from the publication of 2021 areudised in order to elucidate the further
experimental activities of our group as well ashi$ thesis.

The simulations were performed using FBPIC, whtre local plasma is
calculated from the neutral gas using the Ammos@leiie—Krainov (ADK) ionization
model*®®! and 3 azimuthal modes. The simulation timestep Mas 89 as, and the
volume evaluated at each timestep has a rad®u0 um and lengthz = 100 pm, being
the z-axis the laser propagation direction. The fidldan B are evaluated in a grid that
has 3750 points in the longitudinal directiancorresponding to 30 points/, and 600

points in the radial coordinate, amounting to 30 point/,,;,, (with w,,,;;, = 1 um being
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the diffraction limit). Lastly, the number of paies per cell is 2 along, 2 alongr, and

12 alongd, in accordance with the developer recommend&frThis study assumed a
200 um in diameter supersonie target produced by a nozzle in a vacuum. The lradia
density profile of this kind of target can be apgpneated by a trapezoidal profifél with
symmetrical ascending and descending ramps andtekplateau. For the simulations
of interest for this work, the ramps are|8@ long, and the plateau has 40 um, defining
a total diameter of 200 pm with 120 um of FWHM saswn by the blue line in Figure
3.2. The published wof#! studied the acceleration as a function of theeplaielectron
density after ionization (among other parameteasyl in Figure 3.2shows the case for
n, = 2x1F° cn3, along with the corresponding local plasma wawvgtlered dashed line,
disregarding local relativistic and density vaoateffects during the pulse propagation).
The laser pulse propagates through the targetrciate the positiorz = 0 um (start of
target) and the background (outside the target)agasmed to be an absolute vacuum.
Furthermore, once there is only an ionization pemathe plasma density, should be

the same as the neutral gas molecular dengifpr saturated ionization.
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Figure 3.2 — Hydrogen gas target with 2¥1ht3 peak density, where its plasma density
distribution after ionization alongraxis (blue solid line) is represented along whth équivalent
local plasma wavelength (red dashed line).

Source: Adapted from MALDONADO, E. Ry, all®],

The simulated Ti:Sapphire laser pulse has aralmitiiration of 50 fs (FWHM)
and its central wavelength is 800 nm. It is linggblarized along the-axis and starts at
z=-50 um. The laser beam is also assumed an idems@a withM? = 1, and it was

focused on vacuum (without the target influence)t &t=40 um to a beamwaist
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wo = 7 um, which has a value91, and already demonstrated experimenlly’ 62!
Regarding the laser peak pow®y, the simulations were performed using five différe
values which were Y4, Y2, 1, 2, and 4 TW, arounddbker power range intended in our
laboratory. In addition, the plasma peak dens{fdsteau density) were also varied in the
range fromn,/n. = 0.006 ton,/n. = 0.8, similar values to that used in the first SM-
LWFA experiments using sub-TW laser pul&$?. Table 3.1 shows the physical

parameters used in the simulations and their vanaanges.

Physical parameter Value
Laser initial pulse duratiory, (fs) 50
Laser initial peak poweP, (TW) Ya, %, 1, 2,4
Laser wavelength, (um) 0.8
Laser (MIV) pulse lengtht; (um) 15
Laser (MIV) beamwaisty, (1Lm) 7
Laser (MIV) Rayleigh lengthg (um) 192
Laser (MIV) normalized vector potentia} 04-1.6
Laser (MIV) intensityl, (x10'" W/cm?) 3-50
Neutral gas molecular density (x10" cnr)* 1-140
Plasma wavelength, (um) 1-105
Plasma dephasing lengthe,, (LM) 1-912

Table 3.1 — Laser and plasma parameters used isitindations. MIV: measured in vacuum.
*Assuming the saturated ionization the plasma demsithe same as the gas density € n).
Source: Adapted from MALDONADO, E. R al®8],

The analysis of the simulations results led tdaassification of them into three
SM-LWFA sub-regimes, which are divided accordingheir initial laser and plasma
parameters. These groups with their characteriatesummarized in Table 3.2. In each
group, the self-focusing (SF) and the envelope gpgkdf-modulation (SM) processes
occurred in distinct regions of the target. Althbug some configurations the laser peak
power is smaller than the critical power for RS&ldtivistic self-focusing), self-focusing
was observed under these conditions, and can hbutdéd to ponderomotive self-
focusing'®” 168 and classical self-focusif’. In addition, only some simulations

showed the desired laser self-channeling conditwhere the self-focusing and
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diffraction effects are counterbalanced to mainthenonlinear wakefield stability and

produce QME bunches. These features yielded diffengbsequent characteristics of the
electron acceleration process as well as electomiches, which represent the signature
of each sub-regimes. It is noteworthy that thera sibtle tradeoff between laser peak
powers and plasma plateau densities to reach tpepacceleration conditions capable

to obtain desired electron bunches quality.

First group

Laser and plasma parameters Characteristics

P, =Y TW,n, < 5x16° cmi® * SF and SM occur in the middle of the exit
ramp, exciting a nonlinear wakefield
¢ No significant self-channeling
P, =1TW,n, <1x16°cm? e Bunches duration of few fs or tens fs, and|no
P, =2 TW,n, < 0.5x16° cm® QME formed
P, = 4 TW,n, < 0.3x16° cm® ¢ Under sgmé’b the maximum electron
energy increases with,

P, =% TW,n, < 2x16¢° cnm®

Second group

Laser and plasma parameters Characteristics

e SF and SM occur at the end of the plateal

P, =% TW,n, € [2, 3]x1F° cm? exciting a nonlinear wakefield

P, =1TW,n, € [1, 3]x1¢° cm® e Subsequent self-channeling occurred

e Bunches duration of few fs, moderate
divergence, and QME

P, =4TW,n, €[0.3, 2]x16°cm® | e Under sameP,, the maximum electron

energy does not change significantly with

—

P, =2 TW,n, € [0.5, 3]x16° cn®

Third group
Laser and plasma parameters Characteristics
e SF and SM occur at the first half target,
P, =Y TW,n, >5x1F° cm leading the laser beam to fade quickly which
P, =% TW,n, > 3x16° cm® impairs the nonlinear wakefield formation
1ihe

e Self-channeling did not occur

e Bunches duration of several tens of fs, lov
P, =2TW,n, > 3x16°cm?® energy, no QME was observed

P, =4TW,n, > 2x16°cm? e Under saméP;, the maximum electron
energy decreases with increasing

P, =1TW,n, >3x16¢°cm?

=<

Table 3.2 — Summary of the SM-LWFA sub-regimessifastion from the simulation results.
Source: Adapted from MALDONADO, E. Ry all>®],
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The best cases belong to the second group, whtableshes a regime capable to
achieve laser self-channeling, which allowed thenftion of a continuous nonlinear
wakefield along the entire exit ramp, yielding wielimed QME bunches. This can be
better exemplified by analyzing the simulation teswf the configuration using
P,=%TW @,~0.6) and plasma peak density, =2x1¢°cn? (~0.In.). This
configuration produces a maximum nonlinear wakefalz’ ~ 140 um, where the pulse
has a maximum electric field as well as minimumation (pulse fragment with length
ct; =1 um due to SM), with intensity represented djy~ 1.4 due to SF. Once the
electrons are trapped in the wakefield at the beggof the exit ramp (downramp), they
are accelerated along it over an extension tha¢sponds to most of its length. Although
the dephasing length related to the plateau deisstgly L,.,,, = 10um, a stretching of
this distance occurs in the downramp due to thsitledecrease. Snapshots of the charge
density in thex-z plane,p(x, z), in the middle of the downramp as well as afteré¢hd
of the target, where electron bunches can be seeshawn, respectively, in Figure 3.3a
and Figure 3.3b. Moreover, Figure 3.3c shows tleeggnspectrum of all electrons ejected
from the target, emphasizing the contribution fribra bunch highlighted in Figure 3.3a
and b, which has mean energygf~ 8.4 MeV and widthAE, = 2.6 MeV (FWHM), that
can be classified as a QME; the remaining electrpresent a quasi-exponential
distribution with a median of 0.4 MeV. The QME bhnbas a charge af = 4 pC,
corresponding to 0.4% of th@; ~ 1 nC total charge ejected. Similar percentages are
maintained for other simulations in the second gréinally, the bunches divergence can
be evaluated from the transverse normalized rmdtamoe in thex and y axe&°
considering all the electrons leaving the targegulting ing, ;s = 11.5 mmmrad and

£y rms ~ 9.8 mmmrad. When considering only the QME bunch, the @amdes drop by

almost two orders of magnitude, 4p,.,s = 0.6 mmmrad anc,, ,-,,s = 0.3 mmmrad.
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Figure 3.3 — Snapshots of the charge density incthglane from simulation configuration using
P, =Y% TW andn, = 2x1CF° cnt® where (a) in the middle of the downramp is shownvall as
(b) the electron bunches leaving the target witME portion highlighted by the dashed
rectangle. Part (c) shows the energy distributioall electrons leaving the target in a histogram
with 120 bins over the entire energy range. Thenlighted orange region of the spectrum
corresponds to the QME electrons.

Source: Adapted from MALDONADO, E. R al®8],

In addition to the results exemplified in Figure3,3other simulations obtained
well-formed QME bunches for different laser peakvpts and plasma peak densities
listed in Table 3.3 shows the best results, whgiie the new normalized vector potential
amplitude after SF and SM of the laser pul3agefers to QME bunch chargé, and
A&, are, respectively, the QME bunch mean kinetic gnargl its width (FWHM), and
Exrms ANde,, s are the transverse normalized rms emittance ixtheis andy-axis,

respectively. Although these results provide a gtedgenerate QME bunches in the MeV
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scale, it is worth pointing out that the outcomesdependent on the assumed parameters

in this study (density profile, gas species, arwhli@aation of the laser beam), inspired in

other experimental realizations of sub-TW SM-LWFegime&®: 57 62]

Py n, ’ Q Ex A&, Exrmsr €y, rms
aw) | @®em?) | * | (pC) | MeV) | MeV) | (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 18,54
2.0 1.6 4.4 259 4.6 4.6 7.2,8.3

Table 3.3 — Selected configurations generating-feethed QME bunches obtained at each laser

peak powefP, and a respective plasma peak densjty
Source: Adapted from MALDONADO, E. R all®],

Figure 3.4 presents the laser peak powers andnplaensities studied in our
simulations (hatched region). All simulations wigfarameters that produced QME
electron bunches, even not very well-defined oaesjndicated with dots, allowing the
delimitation of a parameters region (inside thehddsline) that should generate QME

bunches.
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Figure 3.4 — The hatched region represents thelaietl laser peak powers,() and plasma
densities #.). From the QME bunches represented by dots, agresit region could be
determined (dashed line) for further theoretical arperimental prospects.

Source: By the author.
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From this study, our research group concludedftivataser peak powers in the
interval from 0.5 to 2 TW and sub-millimetric tatgeavith optimal peak plasma density
around 2 x 18 cmi 3, well-formed QME bunches are produced, with mezrgy in the
range of 5-11 MeV, widths from 3 to 10 MeV (FWHMnch charge being ~0.5% of
the total charge, normalized transverse emittarmfesa few mmmrad, and low
dependence on plasma density variation. These valtee following the experimental
results using TW and sub-TW SM-LWFA laser puf§e® %lthat have demonstrated
QME bunch charge in the pC range, with fractiotalrgeQ /Q, ~ 0.29%4°¢], mean kinetic
energy up to 20 MeV with a width from a few to se&leMeV. Thus, our simulation
results motivated and guided our research groupthier subsequent experimental
activities to attend to the simulation parametgqumements, some of them developed and
discussed in this thesis. In addition to the awdity of a TW-range laser system that is
discussed in Chapter 4, another essential dematikeisreation of sub-millimetric,
supersonic targets, produced by de Laval nozzleapter 5 is dedicated to discussing
the fabrication of micrometric nozzles capable todoce the target conditions as

discussed in this section.
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4 LASER SYSTEMS

The High Intensity Ultrashort Laser Pulses Labmmatat IPEN has two Chirped
Pulse Amplifiel'® (CPA) systems. Those systems are described iil ohethis chapter
and both can be used for future laser-electron laet®n at IPEN and related
experimental activities as further discussed irs tthiesis. In addition to a better
understanding of the laser parameters chosen insiooulations, the laser systems
description also is important for understandingdkperimental activities of Chapters 5
and 6.

4.1 T-cube

This first laser system, T-cube, will be used hy group to conduct further
LWFA studies at IPEN. The laser name refers toldéeFaop Terawatt (T3) system, once
we aim to achieve TW peak power soon. This lasasists of a Ti:Sapphire main
oscillator (Mira-Seed, Coherent - ite@® in Figure 4.1) that generates 65 fs (FWHM)
pulses centered at 800 nm with 30 nm of bandwiBYWHM), and 450 mW of average
power at 78 MHz. These pulses are injected inta:8apphire multipass CPA system
(Odin, Quantronix — iter® in Figure 4.1), which stretches the pulses to 3@pwplifies
them in 8 passes through the gain medium, and cesaes them for pulse durations under
50 fs with up to 1 mJ of energy (20 GW of peak poweat repetition rates of 1 kHz and
submultiples of it. A programmable acousto-optispairsive filtelt’% (Dazzler, Fastlite)
is inserted between the main oscillator and theliéierp allowing the modulation of the
amplitude and phase of the pulse spectrum. Thisulatdn enables the control of the
amplified ultrashort pulse temporal profile to opize its interaction with matter. This
1 mJ energy is barely enough to accelerate elegteord a second amplification stage is
being added to the system. For this, the amplifieides will be extracted from the CPA
before compression and sent into a new Ti:Sapainmglifier that is under development
in our laboratory, or a lamp-pumped Cr:LiSAF aniplifsystem (itenf5) in Figure 4.1)
already built in our laboratofy* 172 173l to generate pulses with a duration of 50 fs with

50 mJ (1 TW power peak) after the compressor (Pulgéam(6) in Figure 4.1), with a
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repetition rate under 10 Hin 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 Odid\@ke pulses have 50 fs, 1 mJ, 1 kHz, and after
amplification in Cr:LiISAF and compression in Pul#lae pulses achieved 60 fs, 30 mJ, 10 Hz.
Moreover, that system will be upgraded by repla¢hegCr:LiSAF with a Ti:Sapphire amplifier
that should increase the peak power pulse ab@W. (a) The experimental scheme is illustrated
and (b) Modeled experimental arrangement wher€thdSAF amplifier is highlighted from a
photo.

Source: By the author.

4.2 Femtopower

The second system consists of a Ti:Sapphire macillator (Rainbow,
Femtolasers(3) in Figure 5.3) that generates laser pulses cahi@r&85 nm with a
duration under 6 fs (FWHM), 370 nm of bandwidth (FMJ)), 190 mW of average power
at 78 MHz, and carrier-envelope phase (CEP) statidin system with 250 attoseconds
stability. This oscillator is pumped by a Coheréatdi V6 laser (1) in Figure 5.3), which
is located inside the main oscillator cover. Theskses are injected into a Ti:Sapphire
multipass CPA system (Femtopower Compact PRO CEéPH®/HR, Femtolaseréh)
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in Figure 5.3), which is pumped by an Ascend 60M@ehed laser@) in Figure 5.3) that
generates 300 ns pulses at 532 nm, with 15 mJ (pealer 50 kW), operating at a
repetition rate of 4 kHz. During the CPA proce$® pulses are amplified in 9 passes
through the gain medium and then compressed tothess 25 fs (FWHM) with up to
650 uJ of energy (~26 GW of peak power), centeted3@ nm, with over 40 nm of
bandwidth (FWHM), up to 4 kHz repetition rate, abedam with laser quality factor
M? = 1.2. This CPA system also can be CEP stabilizedhErmore, the amplified pulses
can be injected into a hollow fiber inside a higkgsure neon chamber (2 bar), where
their spectrum is broadened, so the pulses caroimpressed to less thanf6by an
arrangement of chirped mirrdr€l, with a pulse energy of 350 pJ (peak power about
60 GW). The CEP stabilization system, of littleensdnce for the <25 fs pulses, is
fundamental in this regime (< 6 fs) and is impletedrin the system. Although this laser
system has less peak power than the T-cube, lBsg#ram acceleration with 6 fs might
be convenient to achieve the blowout regime witlsgamiof a few cycles, strongly focused
to a ~2 um beamwaist, and at high-density tard¢tsvever, this alternative is not a
priority for our group since keeping the CEP siahtion in a long and complex beamline
is a difficult experimental task. In addition, theak power of about 60 GW should be
low enough to generate MeV electrons since theiredulensities close to the critical
one to reach the relativistic self-focusing, equati(2.60), abruptly decreases the

dephasing lengthgepp .
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Figure 4.2 — Femtopower laser system, after CP£esyshe pulses have 25 fs, 650 uJ, 4 kHz, and
after hollow fiber held and chirped mirrors the smucan achieve 6 fs, 350 uJ, 4 kHz. (a) The
experimental scheme is illustrated and (b) a pbbtbe experimental arrangement.

Source: By the author.
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Femtopower laser pulses have been largely emplagedhis thesis, for
micromachining the de Laval nozzles (as descrihgghapter 5) and in the development
of a home-built Mach-Zehnder-like interferometer f@mp-probe measurements in gas
jets and laser-induced plasma (as described int€h&p Therefore, the characterization
of those laser pulses is essential in this worgufé 4.3 shows the amplified laser pulse
spectrum measured by a compact CCD grating speetestf! (Fiber Spectrometer),
and the pulse duration measured by an interferacnatitocorrelatdt’® (Femtometer,
Femtolasers). The pulse spectral center of masalgsilated from its spectrum (Figure
4.3a) by:

T2 anmaz

[y da’ (4.1)

ACM

wherel; (1) is the laser intensity spectrum.
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Figure 4.3 — Measurements of the (a) bandwddth(FWHM), spectral center of masg,,, and (b)
pulse duratiorr; (FWHM) from Femtopower laser pulses after ampdifion.

Source: By the author.
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5 MICROMETRIC DE LAVAL NOZZLES

According to PIC simulations resuts ' 12and our group proposé&f: 102
there is an urging to generate high-density {2&07°) supersonic gas jets with diameters
around 100-300 pum for further SM-LWFA experimerttlP&N. As discussed in Chapter
1, this kind of gaseous target can be generatedeblyaval nozzld®: " with exit
diameters close to this range. As illustrated guFeé 1.3, these nozzles present a simple
converging-diverging geometry capable to acceleaaas from a high-pressure backing
chamber into a supersonic jet at their exits. Tisepersonic gas jets produce appropriate
flat-top targets with well-defined high-density r@gs, making de Laval nozzles largely
explored for laser-plasma interactions experimsoth as LWFA. However, a lack of
availability of those nozzles with micrometric dinsgons makes its fabrication an
attractive research topic still littte explored IBWFADI” 78 In this chapter, the
manufacturing method of micrometric de Laval nozzlgeveloped during this PhD, is

discussed along with the characterization of thaufectured nozzle features.

5.1 De Laval nozzle quasi-1D model

Important properties of the supersonic jets gaedray de Laval nozzles can be
estimated in a first-order approximation by a qua3i modelt’”! that assumes an
isotropic flow. Using this model, the ratio betwéka nozzle exit and throat areds/A;,
the molecular density drop from the backing chanibéne nozzle exity, /ng o, and the
gas jet divergence angkg, (in radians) are obtained as function of the gastivhumber,
M, as shown in equations (5.1),(5.2), and (5.3peesvely, while the mass flow raté,
only depends on the throat area and the gas pregeas shown in equation (5.4):

K+1

Ae _ 1 [2+(kc—1)M?]2(c-1)

Ac M [ K+1 ] (5.1)
S

g _ 1 kt+1 K—1

ngo M [2+(K—1)M2] (5.2)

0 = 1/M, (5.3)



MICROMETRIC DE LAVAL NOZZLES | 54

K+1

o K 2 2(x-1)
m = AtPH'O,IRTM (;c+1) ' (5.4)

whereP, ,, Ty o, andng o are the gas pressure, temperature, and moleanaitd in the

backing chambef is the specific gas constant, ane- cp/cy is the ratio of the specific
heats of the gas at constant presseeand constant volume,,. The model assumes a
cylindrical symmetry, so the areas ratio can bessulted by the squared ratio between
the exit and throat diameters. Typically, this mage good prediction for the gas jet in
the immediate vicinity of the nozzle exit, thus tf@lowing equations are largely
employed as a first approach to design a n6221€! However, although this theoretical
model presents satisfactory agreement with expetaheesults, it does not consider
other geometrical features such as the lengthseo€onverging and diverging sections
of the nozzle, their curvatures, and the roughnéfse nozzle internal walls; all of these
affect the jet profile and are second-order comwest being better explored by
computational fluid dynamic (CFD) simulatidhg 138 178

In the quasi-1D model described, it is worth ngtthat the Mach NumbeM at
the nozzle exit is an important design parametenaoufacture nozzles. It defines the
nozzle throat and exit diameters by equation (£apable to generate targets with the
desired densities from equation (5.2), and flage¢tiopening angle from equation (5.3).
Figure 5.1 presents two graphs containing the ddgrere on the Mach Number of the
ratio of the nozzle exit and throat areds/A;, and of the ratio of the maximum gas
density at the nozzle exit and backing chambgyn,,, for No. Both graphs are

commonly used as references to determine the nexi#land throat diameters based on

the Mach number (Figure 5.1a) and gas moleculasityefrigure 5.1b).
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Figure 5.1 — Quasi-1D model dependence on the Ndachber of (a) the ratio between the nozzle
exit and throat areas, and of (b) the ratio betvthermaximum gas molecular density at nozzle
exit and backing chamber forN

Source: By the author.
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5.2 De Laval nozzle manufacture

To fabricate micrometric de Laval nozzles, diffgrapproaches using ultrashort
laser pulses micromachining were explored in treskwUltrafast laser micromachining
was chosen because this technique promotes miaiopegcision etching while keeping
the material properties. This preservation is @uné ultrafast, non-linear interaction of
the ultrashort pulses with the matter, which resultan almost non-thermal ablation that
does not promote phase transitions in the vicioityhe etched area, producing an almost
non-existent heat affected zone (HAZ) 18 The ablation process in a solid starts when
the ultrashort pulse reaches intensities that eaizsignificant portion of the material
atoms by a nonlinear process. These seed elecarensccelerated into a quivering
motion by the pulse electric field, inducing an empntial increase of the free electrons
population by impact ionization, a process knowawdanché’l. This avalanche leads
to the material breakdown when the free electroessily reaches ~#bcm
corresponding to the critical density for the lase&velength, at which they become
highly absorptive and are heated, then quickly siemthe acquired energy to the
surrounding ions within the electron-phonon couplime, minimizing the ions heating.
This relaxation abruptly creates an unstable phlaaeundergoes a violent adiabatic
expansion, called phase explostéh 821 which removes material from the surface
carrying most of the thermal energy with it, getiegaa minimal HAZ. The material
ablation also can occur due to the ionic Coulomplasiori'®® 84 which results from
the charge imbalance caused by the ejection ofaseirfelectrons. Both ablation
mechanisms can take place simultaneously andriietive contribution depends on the
pulse characteristics and on the material, witlasphexplosion predominating in
metal$'8%l, Furthermore, the seed electrons origin also dépen the material: while in
metals they are the conduction band free electrondjelectrics and semiconductors
those electrons are produced from the valence bgrdnization mechanisms such as
multiphoton or tunneling ionizati®éi® 871 Once the free electrons are present, the
exponential avalanche evolves deterministically almost the same way in all
material§-®8l, Therefore, ultrafast laser micromachining ensaresn-selective ablation
(occurring in any material), where the only essdrgarameter that has to be known to
etch material is its ablation threshold fluen€g,. As a general rule, at the same laser
conditions, nonmetallic materials present highdatamn thresholds than metals since a

portion of the laser energy is used to ionize tilence band electrof.
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Ultrashort pulse ablation produces naturally dysy holes due to the focused
beam converging geometry and the pulse energydaasethe ablation depth in the
material increas€<$® °° producing directly the geometry of a de LavalziezAll these
features make ultrafast laser micromachining ideal fabricating nozzles for our
experiments. Thus, de Laval nozzles were initialignufactured on metallic substrates
using ultrafast laser micromachining by the perimussiethoé'¢ %! Figure 5.2 presents
topographic maps obtained by optical profilometdedage, Zygo Inc.) of a typical
nozzle exit and throat on a 0.5 mm thickness cogpéstrate, manufactured by laser
pulses with an energy &, = 150 uJ that were focused by fag 50 mm achromatic
doublet. This method, in conjunction with the lovblation threshold of metals
(Fe, =~ 0.05 J/emd§8® 191 produced non-circular and asymmetric holes. EBhisused by
spatial inhomogeneities in the laser beam arigimign fdeviations from the ideal Gaussian
profile and the presence of hot spots, producitigqsversal intensity distribution that
does not have cylindrical symmetry; this profile geojected on the surface being
machined, and ablation occurs inside the isointgrintour defined by the material
ablation threshold, resulting in a perforation tfediows the beam intensity asymmetric

distribution.

Figure 5.2 — Profilometry maps of a submillimetde Laval nozzle manufactured on a 0.5 mm
thickness copper substrate. @g)~ 160 um exit diameter. (), = 40 um throat diameter.

Source: By the author.

The results exhibited in Figure 5.2 lead our grtaufmok for other approaches to
manufacture nozzles aiming to get circular holdss Tvas obtained by modifying the
machining process from percussion to trepanning,raplacing the metallic substrates
with dielectric materialst® 8% 1921 The trepanning method rotates the substrate iohwh
the nozzle is being manufactured, while the lasts as a cutting tool displaced from the

rotating axis, smoothing out the laser beam inhanedies and preserving the
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cylindrical symmetry. Additionally, it allows deepeablation into the substrate by
creating flat surfaces for successive pulses, fsgmitly reducing the loss of energy by
reflection at grazing incidence in the etched walleanwhile, replacing the metallic
substrates with dielectric ones with two ordersnaignitude higher ablation thresholds
(Fe, =~ 5 Jlcm89 1931 ensures a more accurate etching since the masdeas sensitive

to laser intensity fluctuations. The dielectric sbo for fabricating the nozzles was
alumina (AbOz) ceramic due to its mechanical properties (higlchmaical and flexural

strengths, hardness, capable of supporting eleggeg@ressures), and availability.

A trepanning setup connected to the Femtopower laas developed and built.
The ultrashort pulses are directed to this setupwa in Figure 5.3. This arrangement is
composed of a rotating DC electric motor coupledat@-axis computer-controlled
micrometric positioning system (Newport UTS100C)umizd in a XYZ configuration.
The motor rotates at ~50 RPM, its axis is paratighe laser propagation direction, and
an achromatic doublet focuses the laser pulsesguotially to the surface of the substrate
holder. Alumina plates with 0.6 mm thickness asept in the substrate holder, and when
the DC motor rotates, the laser etches a circalrdn the alumina surface by trepanning,
and after the appropriate time, the laser trespasseplate, producing a highly circular
de Laval nozzle in it. It is noteworthy that befotiee substrate is etched, some
experimental machining parameters must be setdfibetocontrol of the ablation process.
These parameters are discussed in detail in SegtBon

Figure 5.3 — Home-built trepanning setup. (a) mtaimotor coupled to the 3-axis micrometric
positioning system (XYZ translator). (b) ultrafdaser micromachining on an alumina plate
fixed to the substrate holder. In each figure, fiedint achromatic doublet is shown: (a)
f =75 mm and (b = 30 mm.

Source: By the author.
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After a de Laval nozzle is etched, the alumindepia moved laterally by 1 mm,
and the laser cuts a 2 mm diameter disk with tlezlecexactly at its center (Figure 5.4a).
From the alumina disk, we can characterize theandtthroat diameters and circularity
by optical profilometry, and the morphology of thezzle internal walls by scanning
electron microscopy (TM3000, Hitachi Inc). Followithese steps, the alumina disk is
glued to the tip of a metal part, as shown in Fedurb, using a vacuum compatible epoxy
glue (Torr Seal or Hysol) that has a breaking tamabove the one exerted in the alumina
disk by a pressure of 50 bar. The metal part hasren hole through it, defining the
backing chamber after the tip is connected to e lmpe. Figure 5.4c schematizes the
nozzles and metallic part projects.
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Figure 5.4 — Steps of the gas nozzle preparat&)ra @ mm diameter alumina disk with a de Laval
nozzle at its center is cut, and then (b) the abandiisk is glued to the tip of the metal part to be
connected to the gas line. (c) Project of the deaLaozzles mount with dimensions in mm.

Source: By the author.
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The metal part design, shown in Figure 5.4c, wassen to be easily connected
to a ¥4" diameter copper tube (Figure 5.5a) forrgtinaous gas flow, or to a pulsed valve
through a metallic adapter (Figure 5.5b) for coifgtbgas shots. As discussed in Chapter
6, the gas jets generated by the manufacturedesr@re initially characterized using a
continuous flow in atmosphere, and afterwards isgaimode, in vacuum, with backing

pressures up to 50 bar.

=
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-

Figure 5.5 — Manufactured nozzle connected to #lige through (a) a ¥4" 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 dalLaozzles with exit
diameters in the range of 120-450 um, and thraahdters of 15-250 um, being these
values measured from their optical profilometry dgraphic maps. As exposed in
equations (5.1) and (5.2) on a first approximatithre, exit and the throat areas of the
nozzle define the Mach number, which determinegyieedensity near the nozzle exit.
Our group experimentally observed that the exit #rel throat areas depend on the
following machining parameters: (1) doublet fooahdth, (2) laser pulse energy, (3)
beamwaist position in the substrate, and (4) exjgosme after boring the nozzle. The
focal values explored were 30, 50, 75, 150, andr2B0 Considering the laser beam
diameter at the doublet as 8 mm, we could estithatéocused beamwaist for each focal
length, evaluating the laser intensity along with pulse energy value on the substrate
during the ablation process. Meanwhile, the lasésgenergies that were explored are in
the range of 250-600 pJ. Furthermore, the beamwaisition in the substrate (at its
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surfaces, or inside it), determines the laser sitgristribution in the confocal volume,
and, consequently, the ablation geometry profilgs parameter is easily controlled by
the micrometric positioning system. Finally, thgpesure time is also easily controlled
by a shutter that blocks the laser pulses. We gbddhat increasing the exposure time
after the laser trespasses the plate enhancegc¢bkagty of the exit and the throat, and
also improves the internal wall roughness. Thufgreestarting the laser micromachining
on the alumina substrate, those machining paramétad to be studied to fabricate
nozzles with the desired characteristics. The otx@erimental parameters were kept
fixed during this investigation, including the diec motor rotation (~50 RPM) along
with the pulse duration (25 fs FWHM) and repetitrate (4 kHz). It is worth emphasizing
that during this investigation, a significant acauated experience about the machining
parameters was also due to nozzle fabrication peasethat failed, due to reasons such
as low intensity that prevented ablation, big eidmeter (> 500 um), noncircular holes
due to laser misalignments with rotation of the mmaing setup, among others. In this
section, nozzle manufacturing results are presaited) with a discussion about the four
machining parameters explored, aiming to estalpisitocols to produce micrometric

nozzles for further LWFA studies.

The nozzles produced typically have high cylindrisymmetry, demonstrating
the high quality and precision of the trepanningchiaing process, allied to the use of
alumina. Figure 5.6 shows the profilometries of theét (@, =135 um) and throat
(¢ = 45 um) for a typical micrometric nozzle. The imamng parameters for this nozzle
fabrication were 480 uJ pulses focused by the 75fawal length doublet, and an
exposure time of 15 s after boring the nozzle. Dyithis manufacture, the beamwaist
was initially placed in the center of the aluminat@, and during the ablation process, it
was progressively moved to the plate back-facentoease the throat diameter. This
strategy promotes a significant throat enlargenteaityields a higher gas flow, suitable

for our proposes. However, the drawback is theedeser in the Mach number.
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Figure 5.6 — Micrometric de Laval nozzle profilomet(a) @, = 135 um nozzle exit diameter. (b)
@, = 45 pm nozzle throat diameter.

Source: By the author.

The nozzle diameters shown in Figure 5.6 resudt Mach number of about 4.0
when using nitrogen (with = 1.47), as illustrated in Figure 5.1a, and frayoaion (5.2)
this nozzle produces a gas molecular density of10% cm® at the nozzle exit for a
backing pressure of 50 bar, whetg, = (50 bar)x(2.5x1¥ molecules/cri), the latter
term being the molecular density of an ideal ga30& K and 1 atm and assuming that
1 atm = 1 bar for practical purposes. Although siotulations discussed in Section 3.2
point out to use of simpler gases such asHHe as targets, for the experimental activities
discussed in this thesigHdas advantages once it presents safer handling-havhich
is highly flammable, and is less expensive than IHeaddition, N presents a higher
refractive index than simpler ga8&4 that makes its optical diagnostics characterimatio
easier, as discussed in Chapter 6, and recenttgessful LWFA experiments were
demonstrated using micrometric purejbd®®: 191 Regarding the choice of the backing
pressure of 50 bar, this value creates targets addquate plasmas densities for our
purposes in conducting SM-LWFA experiments withhhdgensity targets, as well as
being the maximum backing pressure tolerated bytised gas valve, also discussed in
Chapter 6.

Figure 5.7 exhibits micrographies of another n@zzsing scanning electron
microscopy (SEM). Both the nozzle exid (= 170 um) and throa@¢ = 30 um) are
visible in Figure 5.7a. This de Laval nozzle wasnaofactured by 400 puJ pulses, an
achromatic doublet with = 30 mm, the beamwaist position in the centehefdlumina
plate, and 30 s of exposure time. The structursdérthe nozzle are debris that are easily
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removed by ultrasound cleaning, and the nozzlenatewalls are very smooth, with
smaller roughness than that of the alumina surfabeh is clearly observed in the exit
nozzle edge exhibited with higher magnificationFigure 5.7b. Those characteristics
indicate a change in the alumina structure duvegaiblation process probably due to the
melting and ressolidification of the ceramic gréil{s!®® 17l a consequence of residual
heat due to elevated pulse energy and high repetidite. The ressolidification melts the
alumina grainé®®, and the surface tension of the liquid phase forffattens its surface,
producing low roughness and smooth walls, whiclukhdecrease turbulences in the gas

jet.

D46 x25k  30um

Figure 5.7 — SEM micrographies of de Laval nozziéa @, = 170 um an@, = 30 pm. (a) view of
the entire nozzle. (b) detail of the nozzle exigednhighlighting its smooth walls with smaller
roughness than the alumina surface.

Source: By the author.

Regarding the machining dependence on the achiodmiblet focal length, the
best results were obtained using 75 mm, which presents a good relation in achgvi
the laser intensity needed for ablation, as wellissibuting this intensity volumetrically
inside the 0.6 mm thick in order to bore it. Thedstigation points out that intensities
above 16° W/cn? are needed to bore through the alumina plate dilest@nergy loss
during the machining process (grazing incidencbysJ the smaller focal length doublets
(30, 50, and 75 mm) are more suitable for etchireg dubstrate since they can easily
exceed this intensity with the used pulse ener{e®00 pJ). Additionally, the focal
length has another crucial role in establishing dbefocal volume into the substrate,
which corresponds to how the intensity of the lasatistributed in the alumina plate.
Thus, the shorter lenses define smaller confogalmpaters such as ~0.1 mim£ 30 mm)
and ~0.3 mm f( =50 mm), which are under half of the alumina eladhickness.
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Therefore, when using these doublets, the beamslaisiid be placed at the center of the
plate to reach a condition to bore it, and smaileg fluctuations of the laser can impair
the manufacture. Thé =75 mm doublet produces a ~0.6 mm measured cainfoc
parameter, close to the alumina thickness, allommage reproducibility and different
beamwaist positions in the substrate for the manufa. We even manufactured nozzles
with doublets of =150 and = 250 mm, but the reproducibility was not goodj &me

time to bore the nozzle could surpass 1 hour duleetemaller intensities.

As the machining process is strongly dependertherachromatic doublet focal
length to achieve the proper intensity to boredtlnenina plates, it impacts the laser pulse
energy. Therefore, for the doubletfof 75 mm, the best results (smaller nozzle exit and
throat diameters, high circularity, and smooth s)allere obtained using; ~ 400 uJ,
being the same pulse energy value also observad$ds0 mm. However, for doublets
with f = 30 mm, the energy w&s ~ 300 puJ, and for longer focal lengtlis£ 150 mm)

more than 500 pJ were needed.

Concerning the beamwaist position in the alumiladep when it is positioned at
the plate front-surface (processing laser entracmeesponding to the nozzle exit), the
laser hardly bored the alumina plate due to theedesing intensity inside the plate (beam
divergence) and the energy losses during the ahldfoving the beamwaist to the plate
back surface (processing laser exit, nozzle thr@at)increase in the exit and throat
diameters was obtained, producing, usually, an digineter above the desired value
(> 200 pm). The smallest diameters were produceshwhe beamwaist was positioned
at the center of the alumina plate, resulting i@ best energy distribution inside the
substrate. We could observe that the gas jets gukby the nozzles manufactured with
this strategy exhibit a smaller Mach number thantbeoretically predicted by equation
(5.1). The reason for this comes from the curvatidirdne nozzle diverging section that,
in second-order approximation, affects the jet Magchmber. Figure 5.8 presents a SEM
micrography of the cross-section of a de Laval teozteaved along its length. This
nozzle was fabricated with the beamwaist positioneithe center of the alumina plate,
which contributed to shape the nozzle as a cormuempet, the curvature that presents the
smaller Mach number for a given throat and exitditers ratiB®®. Recently, we started
to manufacture de Laval nozzles initially positiogiithe beamwaist at the center of the
plate, and quickly moving it to the plate back aad (nozzle throat), as done with the
nozzle exhibited in Figure 5.6. This new strategytdbutes to a change in the nozzle
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shape, approaching it to a concave bell, the curgathat generates higher Mach

number&99,

Figure 5.8 — SEM micrography of the transversafilgrof 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 sxpotime after boring the
nozzle. This parameter proved to be crucial forrmmmg the smoothness of the nozzle
internal walls by the probable melting and ressftidtion process. In order to create a
very smooth wall with low roughness, exposure timbsve 10 s are needed for the
typical machining parameter used in this work. Fég6.9 shows two manufactured
nozzles with similar exits and throats diametapg § 160 um andd, =~ 40 um) and
similar machining parameter$ £ 30 mm, ~400 pJ, and beamwaist positioned in the
center of the alumina plate), except for the expwtme after boring the nozzle. In Figure
5.9a this exposure time was 30 s and in Figurewabonly 3 s. For the smaller exposure
time, the nozzle internal walls present periodsalictures created by the trepanning
micromachining, which were not smoothed by the imgland ressolidification process
due to the lower exposure time. Thus, this invesibgn concluded that the residual heat
necessary for the melt and ressolidification iseqmesent after the nozzle is bored, since
the exchange of temperatures between the plasmatamzsphere air becomes more

frequent, increasing the ressolidification occucesn
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N D123 x1.0k 100 um N D74 x1.0k 100 um

Figure 5.9 — SEM micrographies of nozzles manufactwith 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, algmt of machining parameters
for manufacturing nozzles adequate to our goalsis/5 mm,£; = 400 pJ, beamwaist
initially positioned at the center of the alumiratp and then quickly moved to the plate
back surface, and exposure time after boring thezleo>10s. A more complete
investigation also would study the contributionstlmbse parameters in the machining
process, which could provide a different protoani fnicrometric nozzles fabrication.
However, for our group goals requirements this stigation proved to be adequate,
obtaining de Laval nozzles with desired diametangies and very smooth internal walls.

The next step in nozzle characterization is tofyefitheir supersonic gas jets obey
the theoretical predictions as well as the targguirements in our simulations for SM-
LWFA experiments. Chapter 6 is dedicated to disogsgshe implementation of
interferometric techniques to diagnose these target
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6 INTERFEROMETRY DIAGNOSTIC

As mentioned in Chapter 1, after the fabricatibmarometric de Laval nozzles,
the next step is to develop non-disturbing optiealhniques to characterize the supersonic
gas jets and, subsequently, laser-induced plasmeated in these jets. During this PhD,
our group decided to explore interferometry astiaén diagnostic method for the targets
once this technique provides a well-accurate dgnpibfile, which is valuable
information for characterizing LWFA systems, andvyding data for PIC simulations.
This chapter is dedicated to discussing the efftwtsestablishing a time-resolved
interferometric setup in our laboratory at IPEN¢cl@aracterize the density of gas targets
and of laser-induced plasmas during their tempevalution, 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 ladieat is split into two beams: one
propagates through the sample under investigadimhthe second beam is the reference.
Among different interferometer designs, the spdih ©ccur before the interaction with
the sample, which results in two arms named diagn@SIAG) and reference (REF)
beams, as in Michelson, Fizeau, and Mach—Zehnderfénometerg*® 29 |n another
class of configurations, known as shearing interfesters, there is only one beam, which
propagates through the sample and is splitted iftand an undisturbed part of the beam
is used as a reference, like in biprisms and Noknarerferometer€® 201 Independently
of the configuration details, the sample impringhase shift on the beam that propagates
through it, and when this beam is recombined vhth rieference one, the accumulated

phase produces a bending (shift) in the interfexdringe patteri®l,

The analysis of an interferogram containing a dapguch as a gas jet or a plasma
(typical targets in LWFA), to determine its dengiigtribution requires a mathematical
procedure that can be computationally implemengaugwvarious algorithms. A common
workflow used to retrieve the target density stai$aining two interferograms, one
containing the target information, and another (megerence) of the same region, but

without the target, and then selecting the samemegf interesting (ROI) in both
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interferograms. Assuming the presence of disturbaisach as optical irregularities and
airflow, which add unwanted phases, the bi-dimeamdimterferograms fringes intensity

distributions containing the targek,,, and the referencd,..r, information can be

described, respectively, by the following equatitiis
lyqr = Ibg + Ifr oS [¢car + Gais + Psaml (6.1)
Iref = Ibg + Ifr, oS [Pcar + Pais], (6.2)

where I, is the background intensity ang. is the interference fringes intensity
envelope, which differs between equations (6.1)(&2) due to the target presence. The
terms within the cosines are originated from thagghaccumulated in the sample (target),
bsam, Which will provide the target density distributiothe laser wavelength (carrier)
phase, ¢..-, and the unwanted disturbances phapgg,. Both interferograms are
transformed to the frequency domain by 2D fast leouransforms (2D-FFT), which
yield the intensitieg, ,, andfref. Then, in each 2D frequency map, Gaussian fikees
applied over the region that contains only thedafgnges informatioi®?, eliminating
the background intensity frequencies. Bidimensiamarse fast Fourier transforms (2D-
IFFT) are then applied to each filtered map, whiglirns new 2D complex maps of the
interference fringes in the spatial domain, defiasfi,, andl;, ;. The phase information
contained in the argument of those new maps caxtracted by the ratio between its

imaginary {§) and real ) parts according to:

-1 [3Ufar)
¢tar = ¢car + ¢dis + ¢sam = tan ! [J+ ’ (63)
iR(Itar)
_1 [3Urep)
¢ref = ¢car + ¢dis = tan™" [Weff)] (6.4)

Once the phase information in each map is extrattedbtain the accumulated phase
(integrated phase along the probe beam path) detatthe gas jetd¢, is necessary to
subtract (6.4) from (6.3) B8 2%

Ap = drar — ¢ref = QPsam- (6.5)

The FFT algorithms produce phase data within theakge, due to the use of
tangent functions in equations (6.3) and (6.4),egatng phase discontinuities, which
should be corrected using phase unwrapping algogtffl. The 2D maps obtained by

the described methods contain the whole accumulattede (integrated phase) by the
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DIAG beam propagation through the target, herendefias thex direction. This

definition results in the accumulated phase maperyz-plane, denoted b&¢(y, z).
Assuming an axisymmetric (cylindrically symmetriayget, such as a gas jet as

illustrated in Figure 6.1, the integrated phasa@lihex-axis is sufficient to reconstruct

the radial phasé\g, using techniques such as the Abel inversion mé&tiott®!

1 wdAp dx
Apr == | G ©9

wherer = Vx2 + z2, according to the coordinates as defined in Figute The radial
phaseAg, is generally used considering that imperfectionthe cylindrical symmetry
of real targets are second-order corrections andbeaneglected. It is noteworthy that the
unit of the radial phase shifip, is rad/m. Otherwise, for targets with non-cylirdti
symmetry, there are more complex techniques, ssictamations of Abel inversion for
non-symmetric targel8% and tomographic methdd¥: 2%lthat combine measurements
of the target along different axes to provide meaistic phase maps.
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Figure 6.1 — lllustrative scheme of the Abel invensmethod with a cylindrically symmetric gas
jet: The gas jet integrated phase shiftimprinted in the probe beam is used to recoveratel
phasel\g, heighth and radiug.

Source: By the author.

From the radial phase map obtained using equéi®) and assuming an ideal
background vacuum with refractive index equal tth&,gas jet radial refractive indgx

can be obtained by:
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Ay Apr
2m

n=1+ , (6.7)

wherel,, is the probe wavelength that refers to the lasgpeacting the gas jet or laser-
induced plasma. Moreover, the molecular gas dedsstyibution,n,, can be evaluated

from the jet refractive index using the Lorentz-&oz relatioff%° 210

3 (n?-1
g = ira (n2+2)’ (6.8)
wherea is the gas molecular polarizability. Figure 6.2g@nts an illustrative scheme of

the data processing steps contained in our homeaigdethms from the interferograms
acquisition to gas jet density distribution.

-jul Interferogac Relarencs |nterleragram

it red v A Dacanmins &0

o=ty
Tuavvulsi by ariy

nisTeragrams

Appy Apaly
e finer |
foge = Filter |d— ) . filter
Ay I T
r-rlr
Prar = fEE r

Algortihm iskos w 10 projscom and
renninetly gy ol ke
vl pva alby dpmaveirrig 30O e e

Figure 6.2 — Schematic interferogram analysis stepdetermining gas jet radial density profiles.
Source: By the author.
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To determine the density distributions of lasetdoed plasmas from
interferograms, procedures similar to those applerdthe gas jets can be used, just
changing the expression that relates the plasmsitgen its refractive index. Thus, the

plasma electronic density,, can be evaluated from its refractive inde¥ 3y

2.2
N, =w(1_n§)' (6.9)

222,
which is a derivation of the equation (2.43) wheyg,is the plasmaefractive index
obtained from equation (6.7). This simple modelasss that there is no variationgf
across the plasma diameter due to differencesitottal number of ionizations.

In our group, the first algorithms for interferagn analysis were implemented
using the Wolfram Language in the Mathematica Saftw(Wolfram Research).
Recently, the interferogram analysis was greatlgrowed by our group by creating a
dedicated code in Python, using its scientific driims, such as the Abel inversion
methodf*? present in the PyAbel packégé. As a result, a homemade software to
retrieve the density profile of gas jets, with amghrical user interface (GUI), named
INTERFEROGRAM ANALYSIS GASJET was made available in the Zenodo platfétthas
an installable software. Similarly, another homeen&lJ| software was developed to
retrieve the density profile of laser-induced plasimametNTERFEROGRAM ANALYSIS
LIP, also made available in the Zenodo platfétth All the results presented here were
obtained with these softwares, except where noted.

Concerning the uncertainties of the retrieved gmsofiles from either gas jets
or laser-induced plasmas, the homemade softwar@dasthms for their evaluation. The
first error source comes from small differenceswieein the target and reference
interferograms, which can be described by the goitibadistributions of the intensities
and phase derivatives of two intensity fringeserag?*°:

_ ﬁ (Itar>(1tar +Iref)] 1/2

¢~ 2p ZItarIref (610)

OA

where § is related to the displacement between the 2Drfersgram (target and
reference),s is the fringe wavelength, and,,,) and({(l,..;) are the fringes average
intensity distribution in the target and referengerferograms. Botld andg values are
extracted from each ling/ (coordinate) of the interferogram by appropriagpathms.
The second error source is related to the accuvaepplying the inverse Abel
transform that depends on the symmetry degreeeointiegrated phase shift map. This
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uncertainty can be determined for th&line of the phase map from the correlation

between the radial phagd, ];, and the normalized integrated phdRep||;, according
tol?171;

(aper)i = RGN = [Apr]) = (140l — [Ag,1)?, (6.11)

where the index represents the line position on the symmetrice ak2D A¢ andAg,

maps, as illustrated in different lines in Figurd.6
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Figure 6.3 — Example of the determination of élg,;: (a) typical 2DA¢, map of a gas jet, (b) the
2D 0,,, Map determined from the correlation betwaen and||A¢|| for the lines extracted
from (a), as exemplified by the two lines in thesgions (c)y = 0, and (dy = 400 pum. Similar
processes are used for laser-induced plasmas &mnalys

Source: By the author.

The last error source is related to the probe b@anmssian bandwidth, being its

standard deviation:

O, =~ 042 A (6.12)

pr:
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whereA\,, is the probe bandwidth (FWHM). Using CW laser be@® a probe, thﬁpr

value can be neglected since those lasers havei@altyandwidth under 0.01 nm.

However, when probing with ultrashort laser pulsie Opr contribution becomes

crucial once they have large bandwidths, as shavection 6.3. Each of the three error
sources are taken into account in our homemadeitllgs, being their contribution to
the gas jet density maps provided through the gnr@pagation in each step of the data
processing. Determining the relative weights ofhesgurce of uncertainty in the final
result is not an easy task, and this analysisirggb#one in a manuscript in preparation

for publicatior?®],

6.2 Implementation of a CW Mach-Zehnder interferometer to

measure gas jets

To characterize typical LWFA targets such as @#s and plasmas the Mach—
Zehnder and Nomarski interferometers are largelypleyed, each with different
advantages depending on their application. Foparposes, the MZI offers the following
advantages over the Nomarski interferom&tr(1) greater control over the spacing and
orientation of the interferogram fringes, once thavefront of each arm can be
individually controlled, (2) better control overethnterferogram resolution since it
depends only on the imaging system (distances rafele and/or mirrors before the
imaging detector), while for Nomarski interferomsténe resolution can be also limited
by the aperture of the Wollaston prism. Therefote,group decided to implement a MZI
that was assembled with different configurationsoading to the evolution of the PhD,

as discussed in this Chapter.

An initial MZI configuration arose from the neenl diagnose gas jets generated
by the first micrometric nozzles manufactured, ¢fi@re a typical Mach-Zehnder
interferomete?® 1®lwas built in atmosphere using a CW linearly pakedigreen helium-
neon (HeNe) laser with,. =543 nm and\A,,, = 0.002 nm bandwidth. As outlined in
Figure 6.4a, the HeNe beam is spatially filtereshgi® 50um pinhole and collimated
into a 1 cm radius beam; this beam is split bylib@msplitter BS1 into REF and DIAG
beams, being the latter the arm that propagatesghrthe gas jet generated by the nozzle.
The interferogram of the phase accumulated by th&GDbeam is obtained by

overlapping it with the undisturbed REF beam aftecombination in the second
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beamsplitter, BS2. A 10 cm convergent lens (L)jtgpwsed after the BS2 and 12 cm away
from the gas jet, produces a 5% magnified intedeam of the gas jet in the surface of a
CCD. The CCD integration time was 10ms. This aunfation allows the
characterization of a continuous flow gas jet, with nozzle connected directly to a %"
diameter copper tube, as presented in Figure 3Jrbaddition to operating as an
interferometet®?], the MZI design can be also employed to produeglsivgrams using
the Schlieren imaging techniqlfé: 2% 2201 generating a gas jet image directly on the
CCD. This method is implemented by blocking the RiEEBm and inserting a knife-edge
(KE) at the focal point of the lens L, as showrFigure 6.4b, working as an auxiliary
technique to interferometry to diagnose the geaoatprofile of the gas jet. A photo of

the MZI setup is shown in Figure 6.4c.

a_} Interferometer mode h.) Schlieren imaging mode
cco L Bs2 = M CCD KE L B&2 i M
[} ' . [ Ry

g

E Eam =]

i Lty
(e | [ | | ttin i
(REF] [REF]
M BS1 M BS1

Figure 6.4 — Schematic of the CW MZI setup to d@mgmngas jets generated by the manufactured
nozzles: (a) interferometer mode (b) Schlieren imggnode. (c) A photo of the setup in
atmosphere. Ex/SF: expander/spatial filter, BSmbsglitter, M: mirror, L: lens, KE: knife-edge,
and CCD: charge-coupled device.

Source: By the author.

Since the desired environment to diagnose thgeggas vacuum, a small vacuum
chamber was created to be inserted in the DIAG @snillustrated in Figure 6.5, this
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chamber is fitted to the %" diameter copper tuba liignge with an o’ring, keeping the
nozzle inside, and has a connection to a mechapisap on its top. This chamber was
used to study the nozzle performance in a vacuuwmramment (~50 mbar) when

applying a backing pressure of up to 50 bar.

Figure 6.5 — Small vacuum chamber fitting the Y&ndéter copper tube. The gas jet flows
continuously with backing pressure up to 50 badevaimechanical vacuum pump establishes a
background pressure of about 50 mbar inside theurachamber.

Source: By the author.

Each of the two techniques (interferometry andiam) produces different 2D
images, which are captured by the CCD. As exenegliiin Figure 6.6a, wavefront
distortions induced by the jet refractive indexfiseo which deviate from the DIAG beam,
are directly visualized in the shadowgram, yieldingjear image of the jet expansion that
is suitable for characterizing its geometric pmfivhen these wavefront distortions are
compared (interfered) with the REF beahe accumulated phase causes a bending of the
interferogram fringes (Figure 6.6b), which doesprasent a clear visualization of the jet
profile. The density profile of the jet is retri@asing the methods and software described

in Section 6.1.
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Figure 6.6 — Example of (a) a Schlieren imaging @mdnterferogram under the same experimental
conditions: N jet expanding at a backing pressure of 50 badénsf the small vacuum chamber
(~50 mbar). The jet was generated by a manufacturede withg, = 190 um and, = 85 pm.

Source: By the author.

6.2.1 Characterization of gas jets

A typical gas jet characterization using the CWcht&Zehnder interferometer and
our homemade software is presented in Figure hérava nitrogen gas jet created from
a manufactured nozzle wit, = 190 um andd, = 85 um and a backing pressure of
50 bar, was measured in the atmosphere and inlkgtoand of ~50 mbar (inside the
small vacuum chamber). The shadowgram in vacuuireisame shown in Figure 6.6a,
and the density map in vacuum comes from the iertegiam presented in Figure 6.6b.
Shadowgrams are shown in part (a) of Figure 6.d tlamgas density maps obtained using
o =1.710 & for NJ??1 are shown in the part (b). From these maps, theigeprofiles
close to the nozzle exity O um) were extracted shown in Figure 6.7c, witirth

uncertaintiesr, obtained directly from the softwate!.
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Figure 6.7 — Nitrogen jets expanding in (1) atma&sphand (2) vacuum from a typical micrometric
manufactured nozzle. Measurements performed bgWeviach-Zehnder interferometer in the
(a) Schlieren imaging mode, and (b) interferometede; part (c) shows the density profiles
close to the nozzle exit extracted from the mag®)n

Source: By the author.

Regarding the results displayed in Figure 6.7piteshe noise in the 2D density
maps, the jet shape can be clearly observed frermthrferometer mode, in addition to
the Schlieren images. Therefore, one of the fiosictusions was that Schlieren imaging
can be an optional and complementary techniquguickly visualize the approximate
shape of the jets, but it is not essential to disgnthe target geometries since
interferometry has already been implemented. Asudsed in the next sections, the
Schlieren imaging technigque was not used for athessurements. In addition, our first
results indicated the adequacy of the interferopnétchnique and the algorithms
employed to diagnose the gas jets produced by anufactured nozzles, measuring their
geometry and density distribution with micromese@nsitivity. For the jet in atmosphere,
its geometry is characteristic of a supersonic egjwen with the formation of shock
regions shaped like diamonds (regions with the ésgliensity§?> 223l being the first

indication of the formation of supersonic jets fraor nozzles. On the other hand, the
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characterization of the jet expansion in vacuunmigre relevant since this is the
environment for laser-plasma interactions, beirgcdbed by the equations of the quasi-
1D model (discussed in Chapter 5) as a referencertgpare with the measured density
maps. Regarding the gas jet Mach number, the thearevalue calculated from the
nozzle exit and throat areas by equation (5.1)4s3.3 for nitrogenK = 1.47). However,

a divergence angle, ~ 19° was measured from the Schlieren imaging, gl = 3.0
from equation (5.3), a Mach number slight smalleant the theoretical one. This
discrepancy could be associated to the nozzle canwenpet shape as discussed in Figure
5.8, which in second approximation reduces th#igth numbét®®. Nevertheless, both
values are close enough to consider the Mach nugiben by equation (5.1) as a good
reference for designing nozzles. Concerning thesorea density profile inside the small
vacuum chamber, the highest gas molecular dersi9.0+1.1)x1& cm? close to the
nozzle exit, and it drops abruptly with distance dothe gas expansion in vacuum. This
measured value is about twice the estimated veldeda13° cm® using equation (5.2)
and the estimateld=3.3 from equation (5.1). Although this discrepasgists, probably
arising from the aspects not considered in theigllasnodel, the density values are in
the same order of magnitude. In addition, as dssdisn Section 5.3, the nozzle convex
trumpet shape decreases the Mach nulifBeiincreasing the gas density close to the
nozzle exit. This indicates that the discrepan@uthcome from the idealization implicit
in the quasi-1D model that does not take into acttlue nozzle shape. The quasi-1D
model expressed by equations (5.1) and (5.2) aee dot apply perfectly to realistic 3D
gas jet flows, and CFD simulations can provide maceurate descriptions. Analysis
performed by our grold” for a similar nozzled, = 190 um an@, = 85 pm) returned

a density close to the nozzle exit of about 1.5%&673, which is 2 times higher than the
measured value, and 4 times higher than the thealrptediction by the quasi-1D model.
Lastly, the inappropriate background pressure eside small vacuum chamber
(~50 mbar) should be another source for this dmsorey since an adequate vacuum
environment should be smaller thar*I@ibar. Despite the discrepancies, the measured
value is between the two theoretical predictionalidating the efficiency of the
interferometry technique as well as the algoritemgloyed in our codes. It is noteworthy
that although only one result was shown in thisise@s an illustrative example, several
other gas jets produced from different manufacturezizles also were characterized by
CW Mach-Zehnder interferometer and they obtainedckmions similar to those

discussed here.
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Within our purposes, the next step is diagnosirg ldser-induced plasma, as
discussed in the next section.

6.3 Development of time-resolved MZI in atmosphere

Interferometry measurements for laser-inducednpeasrequire a higher spatial
resolution than used with gaseous targets, dubeglasma smaller dimensions, and,
more important, pump-probe techniques due to thsnph fast decay tiff&, which
would fade out in CW measurements due to the exyesmall duty cycle. The use of
femtosecond pump-probe techniques allows a timaseg during the plasma formation,
which allow the investigation of the plasma dynanotentially being able to study the
wakefield establishment and electron acceleratimtgsses. Therefore, we developed
and built a novel kind of time-resolved Mach-Zehnitgerferometét*®l as presented
below.

The new Mach—Zehnder-like interferometer is codgl® a pump-probe setup,
and was developed to characterize transient phemmnmegaseous targets and laser-
induced plasmas. Although this interferometer tended to operate in vacuum, where
the laser-electron acceleration will occur, it wagially built in atmosphere for a
preliminary characterization of the device, as smaw Figure 6.8. This setup uses
Femtopower pulsegf = 25 fs,A¢y = 780 nm,A4;, = 40 nm,&,< 650 pJ< 4 kHz, and
M2~ 1.2), and, initially a beam sampler (BSa) extractsaction of the pulse energy,
which is sent through a delay line (delay 1) ancuged in a BBO crystal to generate
second harmonic pulses at 392 nm. The second harmases duration can be estimated
by the duration of a Gaussian pulse broadened alubet group velocity dispersion
(GVD), given by*?> 224

2
L=1 J1 +(4m2 %) , (6.13)

wheret,; and t, are the pulse duration of the laser pulse befodeadéter the BBO crystal,
L is the propagation length in the crystal, abgl,, is the dispersion parameter of the
medium. Usind. = 0.3 mm,D;,p = 196 fs2/mm for the dispersion parameter of BBO f
392 nni*?%l and assuming second harmonic pulses with indiahtion equal to the
fundamental pulse;; =1, = 25 fs, equation (6.13) yields = 25.8 fs~ ;. The second

harmonic pulses are used as a probe due to imtramsiantages when compared to the
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fundamental wavelength: they offer double spathelge resolution, can measure higher
density plasmas due to the higher plasma frequesmogt, can be isolated from laser
scatterings by the use of optical filters.

After the BBO crystal, the probe pulses are cdlied into a ~5 mm diameter
beam that enters the MZI to diagnose the gas jeigle-view of the plasma formed by
the high-energy pulses (pump), which are focused B9°, 50 mm, off-axis parabolic
mirror (OAP).

The temporal delay between pump and probe pudsmEsitrolled by a micrometric
positioning system (Newport UTS100C) with a ran§2@ mm and a minimum step of
1 pum, which corresponds to a double pass minimulaydef 6.6 fs. However, the

temporal resolution of the technique is limitedtbg duration of the probe pulses.
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Figure 6.8 — (a) schematic pump-probe setup cantpithe Mach-Zehnder-like interferometer.
M: mirror, L: lens, F: filter, P: polarizer, BS: amsplitter, BSa: beam sampler, OAP: off-axis
parabolic mirror, HWP: half-wave plate, BBO: betaibbm borate crystal, CCD: charge-coupled
device, and spec.: spectrometer. (b) A photo ok#iap assembled in atmosphere.

Source: By the author.
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In the interferometer, the probe pulses are di/idg a beamsplitter (BS1) into
reference (REF) and diagnostic (DIAG) beams; thea@beam propagates through the
target (gas jet or plasma), accumulating a phasaghetrieved by interference with the
REF pulses, after recombination in the BS2 beartspliThe temporal overlap between
REF and DIAG pulses is obtained by adjusting the=RiEM delay (delay 2) by a
translation stage supporting 2 mirrors in a roohfmguration. After the BS2, the
recombined pulses propagate through a 150 mm cgenetens that produces a three-
fold magnified interferogram (spatial interferenoé}he target at the CCD, from which
the gas jet or side-view plasma density can bdewetd. BS2 also directs other
recombined beams to a spectrometer, creating atrapdonge pattern (spectral
interference). This spectral interference pattemaisier to find than the spatial one when
adjusting the delay 2, and it is used to set tleeamns with the same optical length; once
this “zero-delay” position is found, the interferagn is seen on the CCD. The
interferometer also allows small adjustments inRE# arm mirrors to define the fringes
spatial frequency and direction. Lastly, as thtsgevas built in the atmosphere for initial
tests, we decided to maintain a continuously gas through the ¥4" diameter copper
tube, which can be fitted by the small vacuum chamidr gas jets studies in vacuum. On
the other hand, the plasma measurements couldbeniyade in the atmosphere, since
the small vacuum chamber has only one pair of wiwsdavhich does not allow the
insertion of orthogonal beams, as is the caseegptimp beam and the DIAG arm, as can
be seen in Figure 6.8. It is worth mentioning timaall measurements using the time-
resolved MZI in atmosphere, the CCD integrationetimmas 10 ms, as in the CW
measurements. Therefore, each recorded interferoigraomposed of a superposition of

40 laser shots once the Femtopower was operatihdlde.

The relevance of using a spectral interferencéepafifringes) becomes clear
when comparing the pulses spatial and spectrareabe lengths. To estimate the spatial
coherence length of the MZI, the contrast of thegtigpinterferogram fringes was plotted
as a function of small displacements around theo“delay” position. Figure 6.9a
presents a set of those interferograms, with tisplatements from the “zero-delay”
position indicated, and Figure 6.9b shows the &smgontrast dependence on this
displacement, and it can be clearly seen thatigplacements above ~15 um the fringes
disappear. The FWHM of the fitted Gaussian fungtibh3 um, was taken as the MZI

spatial coherence length. In practice, finding“te¥o-delay” position requires adjusting
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delay 2 within a few tens of um of it, and a few are required to optimize the fringes
contrast. We observe that it is very difficult tond these interference patterns
experimentally.

10

- Ax=14.31 pm
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Figure 6.9 — Spatial-domain coherence length detextion. (a) interferograms measured for
different displacements around the “zero-delay'ifims (b) fringes contrast dependence on the
displacement measured from a common line of thexfertograms and fitted Gaussian.

Source: By the author.

Regarding the spectral coherence length, Figur@ presents the MZI spectral
interference as a function of the displacementraildbe “zero-delay” position (indicated
in each spectrum). These spectra plainly showthi®aspectral coherence length is over
200 um, more than an order of magnitude longer thanspatial one. This happens
because the spectral interference occurs evenebiferpulses overlap tempor&fy 226!
since the pulse replicas, which are apart by a fime the time-domain prints a spectral
fringe with the period of /At over the pulse spectra in the frequency-domaimdJtiis
concept, we have enhanced the handling of the setaking it easier to find the “zero-
delay” position for the REF arm to measure therfategrams at the CGE°l,
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Figure 6.10 — Spectral-domain coherence lengtlopadd from the spectra measured with different
values of delay 2. The spectral interference pattgypears for delay times by an order of
magnitude greater than for spatial interference.

Source: By the author.

Another important feature of our pump-probe se$upe laser intensity achieved
by the pump pulses focused to the target by the . @ABrder to estimate this intensity,
a pilot focusing experiment was performed using pwulses with 25 fs, 35, and
M2~1.2, whose beamwaist was ten-fold magnified fy=a50 mm achromatic doublet to
be measured on a CCD once its pixels have 6.7 pr6?7This experiment setup and the
focused laser Gaussian intensity profile obtaimedsaown in Figure 6.11. Bothandy
cross-sections have a beamwaist of aboutm4 defining a laser intensity of
~2.1x16% W/cn?i1o]

a 55cm b
L)H Ecm}H )

OAP

Figure 6.11 — (a) schematic setup for measuringpthrep beamwaist 10x magnified: M: mirror,
L: lens, CCD: charge-coupled device, and OAP: af§-parabolic mirror. (b) CCD image of the
magnified laser focus with beamwaist on fhexis andy-axis is about 4um.

Source: Adapted from SAMAD, R. Eet all*19],
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6.3.1 Characterization of gas jets

The interferogram results wusing the time-resolveédach-Zehnder-like
interferometer in atmosphere involving gas jetsdaseussed in this section, while laser-

induced plasmas are presented in Section 6.3.2.

The interferogram analysis explored in Figure 6slibws a nitrogen gas jet
expansion inside the small vacuum chamber fromckibg pressure of 50 bar. This gas
jet was generated from the same noz@le< 190 um and@, = 85 pm) measured by the
CW MZI (Figure 6.7), and under the same experimerdaditions and interferogram
analysis algorithms. Thus, Figure 6.12a exhibitsititerferogram of the gas jet, which is
evidenced by the fringes bending. This interferogan be compared to the CW MZI
measurement in Figure 6.6b, which has a worseadpasiolution since the image is more
blurred. The better spatial resolution in Figurd2@& comes from a higher spatial
frequency of the fringes, a consequence of thesharavelength provided by the second
harmonic pulses at 392 nm, when compared to thengieser at 543 nm. The higher
fringe density enhances the interferogram analysisich can be identified when
comparing the retrieved gas density maps in Figut2b with the one in Figure 6.7b2,
both resulting from the same nozzle and backingsue. This last map contains
computational artifacts related to the Abel invengprocess for greater heights above the
nozzle exit, which are absent in Figure 6.12b. @amag the measured gas densities,
Figure 6.12c presents the density profile closthéonozzle exit with a peak density of
(1.1+0.3)x16° cmi3 that is approximately 20% higher than the simik@asurement from
Figure 6.7bc, although both measurements are cd\mréhe error bars. This measured
peak density is also close to the two theoreticatligtions discussed in Section 6.2.1,
4.0x103° cm® using the quasi-1D model, and 1.5%1€m* from CFD simulations. The
proximity of the density values proved the goodeagnent of the time-resolved MZ| for
gas density measurements with an improvement éneCW MZI, which ensures our
confidence in the setup and methodology used. Ijirfélgure 6.12d exhibits the density
profile for 4 heights above the nozzle exit< 0, 150, 300, and 450 um), showing the
abrupt density drop with the height increase, dsagehe loss of the flat-top jet shape in
vacuum. Thus, to conduct desirable plasma and veatefonditions is recommended

that the laser interaction occurs as close asdbel@ exit possible.
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Figure 6.12 — Nitrogen jets expanding at a baclpressure of 50 bar inside the small vacuum
chamber (~50 mbar) from the nozzle manufacturedh @it = 190 um andp, = 85 um. (a)
interferogram. (b) gas density map, (c) densityfilgrelose to the nozzle exiy (= 0 um) with
uncertainties evaluated from the homemade softwaré,(d) density profiles foy = 0, 150,
300, and 450 um above the nozzle exit, extractad ftensity map in (b).

Source: By the author.

An identical experiment to the previous one wasied out using a nozzle with
smaller diameters@, =135 um and@, = 45 um, which are shown in Figure 5.6
profilometries. The results are exhibited in FigBe3, where the interferogram
containing the Njet expanding inside the small vacuum chamber fdyacking pressure
of 50 bar is barely visible in the fringes shifthigure 6.13a. Once this nozzle diameters
are smaller than the previous oge € 190 um ang, = 85 pum), that results in a smaller
gas flow and a thinner target, making the fringasdiess prominent than in Figure 6.12a.
Concerning the jet density distribution exhibitedHigure 6.13b, the gas density profile
close to the nozzle exity(= 0 um) presents a peak density of (4.0+0.53%&0r3, as
shown in Figure 6.13c. This value is more tham## higher than the estimated value

of 1.6x10° cm® using the quasi-1D mod¥l!, repeating the trend observed in the
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previous nozzle, which confers reproducibility to smethodology. Also, it is noteworthy
that the density uncertainties (error bars) in Fegb.13c presents a strong asymmetry
around the radial axis. This imbalance comes frioenAbel inversion algorithm, which
assumes that the density distribution has cyliadireymmetry and searches for a
revolution axis in the phase map; strong asymneeinehis map will be represented by
uneven error bars in the final retrieved densitigufe 6.13d presents the gas density
profiles for 4 heights above the nozzle exit 0, 150, 300, and 450 um), showing again
an abrupt density drop with the height increaserddweer, for the two largest distances,
300 and 450 um, the profile shapes show unexpéetiedviors that are probably due to
computational artifacts related to the Abel invensprocess. These artifacts are similar
to the ones seen in Figure 6.7b2, but are lessopraed, which could be a consequence
of the smaller phase shift induced by this nozztemvcompared with the expansion from
a higher flow nozzle. Nevertheless, the time-resoIMZI improved spatial resolution
when compared to the CW MZI, could resolve lowgasme flows produced by smaller
nozzles. Improvements in the imaging system, setafation to reduce mechanical
instabilities and unwanted diffractions in the nfideograms, and mainly working at a
smaller background pressure environment shouldriboimé to obtaining better gas jet
contrast. Those are motivations for moving theséta better vacuum chamber, capable

to achieve lower background pressures under 1 mbar.
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Figure 6.13 — MNjets from thep, = 135 pm and), = 45 um nozzle and 50 bar backing pressure
inside the small vacuum chamber (~50 mbar). (&fiatogram. (b) gas density map, (c) density
profile close to the nozzle exig € 0 um), and (d) density profiles for 0, 150, 380¢ 450 um
above the nozzle exit, extracted from density nmafb}.

Source: By the author.

6.3.2 Characterization of laser-induced plasmas

The pump-probe interferometer was used for lasgudad plasma measurements
in the atmosphere. Figure 6.14 shows the analysisypical laser-induced plasma in air.
Part (a) shows the plasma side-view interferognaant (b) presents the density map
retrieved from it, and part (c) presents the plagarasversal profile at its maximum peak
value. This laser-induced plasma was produced tysfag pump pulses with an energy
of 200 pJ, duration of 25fs, and®?M 1.2, to w,~4 um, reaching intensities above
10 W/cn?. Those laser parameters were used in the expesnuiscussed in this
section, where plasma interferograms were measairetifferent time delays. In the
interferogram, the plasma presence is evidencethdyfringes shift, as well as by a
brightness increase due to its emission. In additibe interferogram fringes were
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adjusted to be perpendicular to the laser propagadirection, and with a spatial

frequency sufficiently high to make the plasmatsiiffringes clearly visible.
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Figure 6.14 — (a) Side-view interferogram of a ftais€uced plasma in atmosphere (highlighted in
green). (b) Density map retrieved from (a), and depsity profile extracted from (b) at
x =236 um.

Source: By the author.

Plasma formation in air (nonthermal dynamics)

In the first investigation, illustrated in Figuéel5, the plasma density temporal
evolution was measured for 8 different delays dfterplasma formation (100, 200, 300,
400, 500, 600, 700, and 800 fs). The zero-time demed, with an uncertainty of tens
of fs, when the interferogram displayed small fargiifts in the expected plasma region.
In Figure 6.15a, each plasma density map has apamtient color scale that fades to
white at1/e of its peak intensity, except for the 100 fs miagt fades at a higher value

due to its high noise/signal ratio. The density snaigo display their time delays (shown
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in the labels), which can be correlated to therlasenp pulse propagation (also in the
labels). Figure 6.15b presents the plasmas 1/¢élemgl maximum density as a function
of time, obtained from the maps shown in Figurebé,where the length uncertainties
were considered to be 5% of the measured valuesodiine CCD pixel size calibration
for the plasma diameter. Both quantities show araabn tendency near 800 fs, where
the plasma peak density increases up to a maxinfu(@.2+ 0.1)x13° cm® and its
longitudinal length reaches (23@.1) um. Concerning this length, it can be considered
as a steady state since this value correspontie ttigtance defined by the laser confocal
parameter and a possible filamentation if%ly where the laser reaches an intensity that
promotes the air ionization. Regarding the plasmasily evolution, at the temporal
scales explored in this study (sub-ps), the iorematccurs for atoms that are not resonant
with the laser wavelength through the non-lineacpsses discussed in Section 2.1, thus
this density evolution tendency is compatible waitlevious studies where the tunneling
and barrier suppression ionizations promote a rapmzation at few hundreds of

femtoseconds and then establishes a stationarytyléiis?2°!
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Figure 6.15 — (a) Side-view plasma density mapsSfaifferent delays after plasma formation.
Labels: delay and corresponding pulse propagatmsitipn. (b) Temporal evolution of the
plasma peak density and length.

Source: By the author.

Assuming that air is composed of 80%axd 20% @, and that its number density
at room temperature (300 K) and 1 atm is 2.3%&07°, we can estimate its expected
ionization for the applied laser intensity. Thigdst considered, in a simplified way, that
ionization occurs only when the intensity overcontesBSI thresholéf? 22° Therefore,
using equation (2.3), the intensity threshdlgls for all nitrogen and oxygen ionizations

were calculated from the respective ionization giesi;,,,, as exhibited in Table 6.1.
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Nitrogen Oxygen
lonization
state Eion Igs Eion Igs;
(eV) (10 W/cm2) (eV) (10 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 — lonization energies and BSI intengitgs$holds for nitrogen and oxygen atoms.
Source: By the author.

To verify if the measured plasma densities aracitcordance with the theoretical
predictions, we assume that the laser pulses aseTiBEMy Gaussian beam, thus the
intensity at the focus is (1#20.3)x13° W/cn?, enough to dissociate the; lnd Q
molecules, and to ionize their atoms 4 times, orgat plasma with a density of
2x10° cn®. The peak intensity of the pulses is 2@5)x13° Wicn?, sufficient to
ionize the nitrogen, but not the oxygen, to theskate; taking the air composition into
consideration, the plasma peak density can beghsds 2.4x1% cn3. These predicted
density values are about 9 and 11 times higher tiher(2.2+ 0.1)x13° cn® measured.
Similar discrepancies are reported in the litethen using interferometty® 234 and
the most probable causes for this disagreememnekated to the expected plasma density,
and the density retrieval algorithm. Regardingtbie®retical expected density, our simple
estimate may have overestimated its value sincassamed a constant intensity (apart
from the peak intensity), and did not consider [ds®r intensity spatial profile, which
would decrease the air ionization state in the be&angs due to lower intensities,
resulting in a smaller integrated den&§. Also, processes that mitigate the laser
intensity, such as plasma defocusing near the ¥3é1/$% could impair the ionization
processes, reducing the free electron density.llfFinae are still devising ways to
overcome difficulties associated with loss of castrin the interferogram due to the

modulations caused by the plasma. This effect caase effective decrease in the
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measured phase-shift since the resultant fringesiamalized by the lower ionization
states that occupy a larger plasma regitinAlthough these problems must be overcome
to allow absolute measurements of plasma denbigyinterferometer described here has
good characteristics and is already in use fordm&racterization of relative density

changes in generated plasmas as a function of time.

Plasma evolution in air (thermal dynamics)

Another investigation using the time-resolved Mias to explore the laser-
induced plasma evolution after its formation. Instinvestigation, the experimental
conditions were the same as previously describéd. miaximum plasma density was
measured after the plasma formation for delaysingnigom 50 fs to 0.8 ns (maximum
delay in our setup). At this time range, the plasheamal effects are preseas well as
possible recombination dynamics since femtosecasdriinduced plasmas in the air
have a lifetime of dew nanosecon#s$® %3¢ |t is also possible to estimate the plasma
temperature evolution. To be able to do this, alltisermal equilibrium (LTE) has to
exist attending the McWhirter criterig#y: 238!

ne[em=3] = 1.6 x 10'2/T,[K](A;[eV])’, (6.14)
whereT, is the plasma temperature, and;; is the energy difference between the
transition levels andj, with i > j. This criterion establishes a minimum local dgntit
attain local thermal equilibrium by collisional pesses, and can be used for ultrashort
pulses originated plasm&8l. As already discussed in this section, sincetimased that
nitrogen is fully ionized to the state +4, and eldg the laser peak it can reach the state
+5, these two states were considered, resultingip= 20.4 eV. For temperatures under
100,000 K, the equation (6.14) states that thetrelec density must be greater than

~4.3x103% cm®, as is the case.

With these considerations, it is possible to estenthe plasma temperature from

the maximum plasma density bgplying the Saha equatiéti:

. 3/2 ;. ”
neNi _ 2(2mmekpTe) /% Ui(Te) {_ ;‘E_;J}, (615)
Ble

nj h3 Uj(Te)
where n; andn; are the ionic densities in stateandj, respectively[, is the plasma
temperatureh is the Planck constant, arig;(T,) and U;(T,) are the ionic partition

functions for the stateisandj in LTE. These partition functions temperature chejsant
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values were obtained from the NIST Atomic Spectratabasé*! assuming
T, = 35,000 K, which is consistent with the expectedhperature in this kind of
investigation. To estimate of the ratio of the agen +5 and +4 populations; (n;), we

consider a Gaussian laser intensity distributiothwa beamwaist of 4 um and
2.3x103% Wi/cn? to ionize the nitrogen atoms. As illustrated imfe 6.16, the laser
intensity profile produces an initial plasma densitistribution that has a spatial
dependence related to the various ionization intiessalculated from the nitrogen BSI

thresholds, where the highest ionization +5 sttechieved only close to the peak.
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Figure 6.16 — Focus laser intensity with a Gaussatial distribution (orange line) with the

corresponding ionization intensities and positiforshe nitrogen atom (blue lines).
Source: By the author.

From Figure 6.16 we could observe that the nitngqgapulation of the +5 state is
restricted to a region with a radins; < 1.85 pum, while the population of the +4 state is
between 1.85 um ., <2.74 um. Considering that both the laser beantlaglasma
have cylindrical symmetry around the laser axis,owmeld estimate the ratim; /n; as
being given by the number of ionized electronsgtem (4 or 5), multiplied by the areas

defined by the ionization radii obtained from Fig.16:

n _ 5mris 5T 1.852 ~ 1.05. (6.16)

n;  4m(ri,-rds)  4m(2742-1852)

Once the ratim;/n; is evaluated, we can estimate the maximum plagmgérature

through the equation (6.15) from the maximum plasierasities measured. Thus, Figure
6.17 exhibits the plasma density and estimategéeature evolutions in a delay range
between 50 fs and 0.8 ns.
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Figure 6.17 — Temporal evolution of laser-induckEsma maximum density (blue) and temperature

(red).
Source: By the author.

The results presented in Figure 6.17 show an a&sang trend in the maximum
plasma density up to (3470.1)x10° cm® at about 13 ps, a much longer time than the
pulse propagation period through the confocal megb the laser beam. This ~70%
increase over the maximum plasma density reporiedigure 6.15 indicates plasma
formation by a process other than photoionizatinoesthe laser pulse is not at the plasma
region at these times. Therefore, impact ioniza{joollisional ionization) should be
investigated*? 243! In addition, beyond 13 ps, the maximum plasmasitemiecreases,

which indicates that electron-ion recombinatioreef§ begin to be predomin&#t 244

The estimated plasma temperature evolution folltves same behavior as the
plasma density, with a peak of (39,@0200) K at ~13 ps. Regarding the ionic population
ratio, its value was assumed to #gn; = 1.05, but it could vary from 0.5 up to 1.5,
changing the estimated temperature by less than. J&dditionally, the partition
functions could have been taken at any temperaiisgeen 10,000 K and 50,000 K and
the estimated plasma temperature would change byare than 3%, so after a few
interactions we choose to use the partition fumstiat 35,000 K because this value is
closer to the estimated plasma temperature alsmydlution. Despite all this, the plasma
temperature obtained is only an estimate, and & egculated considering exclusively
the nitrogen atoms because in the simple BSI madigbted all oxygen atoms are ionized
to the final +4 state, with no population on thestate, so the Saha equation could be
applied to this species also. To consider the axybetter population estimates, based
on more complex ionization models and spatial ihigtions, would have to be used, but
the values obtained give us an assessment of itingetatures reached by the plasma.
Finally, although time delays longer than 0.8 nsidmot be explored in this experimental

setup, the density and temperature decreasingstreinduld become more evident as
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longer times allow for more electron recombinati@ml cooling to the surrounding

environment.

The findings exhibited in this section demonstridite suitability of the time-
resolved MZI to diagnose plasmas dimensions andityedistributions, producing side-
view interferograms with micrometric and femtosetoresolutions. Additionally,
measurements of plasma in air are important toigeoa better understanding of the
plasma dynamics when generated by ultrashort laskses, a topic essential also for
laser-plasma acceleration. These plasma resutteiatmosphere give us directions to
improve our methodology for this next step, whigha diagnose supersonic gas jets and
the plasmas inside a vacuum chamber for furtherdalectron 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 M&A atmosphere to measure
continuously supersonic gas jets (section 6.3.d)Jaser-induced plasmas (section 6.3.2),
the next step is to move the interferometer insidacuum chamber, where SM-LWFA
experiments will be conducted. However, this chapmiggsents several challenges, such
as the need of a pulsed gas flow to constrainatber linteraction with the gaseous target,
ensuring an optimal energy transfer from the lgagses to the wakefield, also to
avoiding the electron bunches absorption by theuesatmosphere, and overloading the
vacuum turbomolecular pump that is usually usethis kind of setup, breaking the
vacuum. Furthermore, an electronic synchronizasigstem is necessary for the pulsed
valve because the pump and probe pulses must atritie target at a stationary gas flow
condition (optimal reproducible interaction lengtid gas density) within a few ms after
the valve aperture. The synchronization with theDCAperture and its exposure time is
also necessary to capture single shots. Howeveasiaering the limited probe pulse
intensity generated by the BBO crystal, the sirgllet capture drawback is the low
intensity captured on CCD that generates noisyassgifror interferogram measurements
in the atmospheric setup, this process was notssacg because of the stationary
condition provided by the continuously gas flow (atmosphere for plasma
measurements), allowing the integration of 40 prpbkses during an exposure time of

10 ms. Thus, optimal synchronization between puntppaobe pulses, pulsed gas valve,



INTERFEROMETRY DIAGNOSTIC | 94

and CCD, represents a real challenge for this @xgetal setup. Finally, the
interferometer implementation inside a vacuum chemninplies the accommodation of
the optical components in a restricted space, ipositl according to the availability of
windows for laser access and optical signal extvacelectric feedthroughs to control
components remotely (translators, mirrors, lengragrothers), and gaseous feedthrough
for the high pressure gases.

A pulsed solenoid valve (VAC-750 psi, Parker Inltsplayed in Figure 5.5b) was
used in the vacuum interferometer setup. This kihdalve is usually applied for laser
electron acceleration studies, and it withstanaibg pressure up to 50 bar. To operate
the valve, a power driver was home-built. This drivs controlled by a square-wave
external TTL signal from a Digital Delay GeneratbG535, Stanford Research Systems
Inc.), that determines the valve opening and ctpsmes; the TTL signal controls a high-
speed optocoupler that switches a MOSFET, deligette effective power of 11.2 W
(28 VDC, 400 mA) to the solenoid valve, as showithi@ scheme in Figure 6.18a. The
Digital Delay Generator can be operated in intetngfyer mode, or be triggered by the

laser pulses.
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Figure 6.18 — Home-built driver for the pulsed soliel valve. (a) steps involved in controlling the
valve timing cycle operation. (b) photo of the hemalt driver triggered by the Digital Delay
Generator.

Source: By the author.

Concerning the vacuum chamber available to conidiate SM-LWFA studies,
it has 50 cm of diameter, a volume of 5%t@7, and reaches final pressures under
10° mbar using a Pfeiffer TMH 521/TMU 5231 turbomolksypump with a flow rate of
0.52 m¥/s (for helium). This chamber has several accesgyéls for beam injection and
instrumentation, and its walls are thick enouglbltck the expected ionizing radiation

for the electron energies desired in the firststggd 0 MeV). The MZI setup was moved
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inside the vacuum chamber along with the OAP arldepuvalve, and their positions
have been optimized to the available space, whéeptimp-probe delay line (delay 1 in
Figure 6.8) was kept in atmosphere. A scheme ofé#tep placed inside the vacuum
chamber is shown in Figure 6.19 with the gas Ime electric feedthroughs to control the
positioning and angles of optical components. Ctheespectrometer used to find the
spectral fringes is not vacuum compatible, it iscuw/ith the chamber opened, the delay
2 (REF arm, Figure 6.8) is adjusted to the “zerlageposition, and it is removed from
the chamber before making vacuum. Finally, the gemlnd pressure inside this vacuum
chamber during the gas jet expansion is smaller 188 mbar for N at 50 bar of backing
pressure, much lower than the one in the smallwacthamber.
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Figure 6.19 — (a) Schematic time-resolved Mach-dehitike interferometer placed inside the
vacuum chamber. (b) A photo of the vacuum champened showing the interferometer setup,
including the spectrometer.

Source: By the author.

The biggest challenge to obtain interferogramsftbe vacuum chamber is the
low-intensity coming from the single-shot measuretkelowever, we had been working
on different approaches to solving this issue, ashluminating the CCD directly with
a low-intensity flashlamp to favor the appearanic&inges and improve the contrast of
the interferogram fringes recorded by the CCD. gsinis, we could synchronize the laser
pulses with the valve aperture. The best resulte wbtained by delaying the pulses by
3.9 ms after the valve aperture, considering aevdlwad time of 1.3 ms (for a 50 bar
backing pressure) after sending the opening sidghadler these conditions, the probe
pulse hits the gas jet at an optimal time whermpitdile presents a high-density region

and low diffusion. The externally triggered CCD dise the atmospheric experiments
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could not be used in the vacuum studies due tbxiésl gain that was not enough to
capture single-shot interferograms. It was replaned variable gain CCD, that has no
external trigger synchronization, but could be wafe triggered by a spike in the
measured signal. Using this internal trigger opiod adjusting the CCD gain, we could
measure single shots ot l§as jets interferograms with a backing pressureOdbar, as
illustrated in Figure 6.20 for a nozzle with = 260 um and, = 160 pm. Once this setup
has a non-deterministic capture time start, the jgasnterferograms are not easily
reproducible and present a residual gas atmosjpi&de the vacuum chamber due to a
non-optimal capture time. Thus, only a few manufeerd nozzles had their gas jet well
diagnosed, mainly the nozzles with larger diametieles to the higher gas flow. A CCD
with variable signal gain and external trigger ante is required for further single-shot,
reproducible, measurements, with a low noise-sigatad, and at optimal measurement
time.

L1l

Figure 6.20 — Nitrogen jet expanding in vacuum fidp= 260 um and@, = 160 um nozzle and a
backing pressure of 50 bar. (a) interferogram,g@ density map, (c) density profile close to
the nozzle exity = 0 um), and (d) density profiles for= 0, 150, 300, and 450 um 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 vacudranaber, the interferogram
exhibited in Figure 6.20a presents a worse cona®stell as a higher noise-signal ratio
than others interferograms shown in this thesiswéler, from this interferogram the
software obtained the gas density map (Figure §.2@hout noticeable computational
artifacts, which should be a consequence of ambettium environment also capable to
reduce mechanical vibrations from the pumps dutirggsingle-shot measurement, and
also density profiles with small uncertainties (Kig 6.20c), demonstrating that the
density retrieval algorithms can produce good tesedven from noisy interferograms.
As shown in Figure 6.20c, the peak density close the nozzle exit was
(1.5+0.7)x16° cmi3, a value of only 50% above the theoretically pres 1x18° cnt3
by the quasi-1D modeél”. This lower discrepancy when compared to the wmlue
measured using the small vacuum chamber also dmildn indication of the better
vacuum environment. As shown in Figure 6.20d, teesdy profiles for the 4 heights
from the nozzle exity = 0, 150, 300, and 450 pum) exhibit, at first g&rtbe same trend
of decreasing density with increasing distance ftbennozzle exit, but even for heights
above 150 um there is still a density profile whigh values close to #dcm3.
Considering that the laser pulses must be tigloityi$ed into the gas jetsjatc 100 um
and also assuming a full ionization of the gasearget, the plasma formed will achieve
densities for H close to simulated values in Section 3.2. If Haged, higher densities
can be reached since it presents a smaller detrsipyafter the exit of a nozzle due to its
biggerk, as can be seen in Figure 6.21.
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Figure 6.21 — Quasi-1D model dependence on the Mvwomber with the ratio between the
maximum gas molecular density at nozzle exit arzking chamber for K(blue line) and He
(brown line).

Source: By the author.



INTERFEROMETRY DIAGNOSTIC | 98

Due to the reported issues in the single-shatriasluced plasma measurements
in vacuum were not performed during this PhD. Hosvegome experiments checking
the synchronization between the pump pulses andahe aperture were carried out
using N and other noble gases. Figure 6.22 exhibits aoptaken from a vacuum
chamber window during a test with He and a noxuzlkh @, = 300 um an@; = 150 um.

A laser pulse hits the target close to the nozzksates a plasma, and the excited atoms
leave the laser interaction region at supersongedg, revealing the jet shape as they

decay and emit light.

Figure 6.22 — Helium gas jet produced by a de Lawakle in vacuum, exhibiting a plasma excited
by an ultrashort pulse. The jet shape can be obddy the light emitted by helium moving at
supersonic speeds out of the laser interactiomnegi

Source: By the author.
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7 CONCLUSIONS AND OUTLOOK

In this thesis, a successful method to micromackm Laval nozzles in alumina
by trepanning with ultrashort laser pulses was bgpesl. The manufactured nozzles
exhibit high circularity and smooth internal wahghich should decrease turbulence in
the jet targets created. Although this work preseérdnly a few examples, the nozzle
features, as well as the gas jets generated by, tlaeen general for all alumina
manufactured nozzles, proving a good reprodugihiitour methodology. By changing
the machining parameters we could control the motrioat and exit diameters, which
are the primary features that define the jet Maaminer and geometry of the gas jets. An
outlook of this investigation is to improve the twh of the nozzle shape, which
introduces second-order corrections on the targesity profiles, which should be

important for subsequent electron acceleration ayos

In addition, this work presented the development@assemblage of a novel time-
resolved Mach-Zehnder-like interferometer coupledtpump-probe setup capable to
diagnose gas jet targets and laser-induced plasmtlasmicrometric and femtosecond
resolutions. The use of a spectrometer proved @ foedamental tool to find the pulses
temporal overlap, readily providing the correcterehce arm length to create spatial
interferograms to be recorded by a CCD. As a fatglp, this setup was built in
atmosphere, and gas jet characterization with bgclpressures up to 50 bar at
continuously flow was performed using a small vanuchamber that fits the nozzle.
Furthermore, an original time-resolved investigatiof the laser-induced plasma
generated in air was performed using the pump-piedienique, where its characteristics
could be explored during plasma formation (nontraraynamics) and evolution to
longer times (thermal dynamics). The results shothatthe interferometer can be used
to characterize a gas jet expansion in vacuumjrobtpphase-shift maps that retrieve its
geometry and density, as well as the time evolutibthe laser-induced plasma, also
allowing the estimation of its density. Finallyetimitial steps of the implementation the
interferometer inside a vacuum chamber were predeanhd discussed, depicting the
challenges involved in this new step, such as pulgas valve installation,
synchronization between different components, amglesshot measurement on a CCD.
Despite these implementation difficulties, measuaets of gas jet expansion in vacuum
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were accomplished, revealing a clear enhancemenpaed to those taken using the
small vacuum chamber. As an outlook of this inwggton, the replacement of the current
CCD by one with an external trigger and variablenghould greatly improve the laser-
induced plasma measurements inside the vacuum @naiftiis experimental setup will
soon be operating as desired, being an esserdigalstic tool for future laser-electron
acceleration studies at IPEN. This upgrade opepsiitant paths to research in our group
besides the aimed LWFA field, since in the shorintehis setup could be used to
investigate fundamental research in laser-induaedzation for different gases in
vacuum, pressures, interaction length, etc, dematigj a potential for the future
publications as was recently done in Applied Opfigls

The interferogram analysis produced during thiskwmotivates our group to
develop better algorithms for processing these daiah lead us to develop and made
available Python codes as installable softwarenfimrferogram analysis of gas jets and
laser-induced plasmi@¥ 2! Those softwares proved to be suitable for oupgses,
being capable to retrieve the targets density idigion with good agreement with
theoretical predictions. However, as an outlookséhsoftwares can be enhanced and
updated to improve the data analysis, which maygedhe discrepancies between
theoretical predictions and experimental measurémen

Our research group has a cooperation agreemeit tvé Extreme Light
Laboratory (ELL) at the University of Nebraska-Latic (UNL). This research group is a
current leader in electron acceleration by LWFA dneir applicationg*®: 246. 247, 248]
owning two ultra-high-intensity ultrashort laserssgms with pulse peak power up to
7 TW (Archimedes), and up to 0.7 PW (Diocles). Bse the agreement, | was a visiting
PhD student at ELL for 6 months (from Septemberi2@®2 February/2022), where |
gained skills working with high-peak power laser&d@0 TW) as well as an installation
for LWFA experiments. In October 2022, | had th@anpunity to return to ELL with my
advisor and more two researchers within the LasiSle€Cycle 3 scientific missidit!!
for 1 month. The goals of this project includedipnenary SM-LWFA experiments using
the de Laval nozzles manufactured at IPEN (discuss€hapter 5), aiming to validate
the efficiency of our nozzle fabrication technigared checking the validity of our PIC
simulations predictions for SM-LWFA electron bunshegree with our (discussed in
Chapter 3). However, 1 month at ELL proved to tshart period for the experimental

activities required for our goals, and then althHotlte participants of this mission along
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with the ELL staff had worked hard during this momo significant electron bunches
(> MeV) were observed. Most of the time was spemdivities before the laser-electron
acceleration, such as alignment of the driven pulsgde of the target vacuum chamber,
achieving the required beamwaist after the focabma assembly of diagnostic systems
for gas jets (Nomarski interferometer) and elecrenergies (Thomson spectrometer).
Thus, a short time could be directed to accelenadists, meaning that we did not have
time to optimize this experiment to investigate th@sons for not observing the expected
electron energies. In spite of this, important azements were achieved in this scientific
mission for both our team and the ELL staff, whrabtivated both sides to keep and
reinforce the collaboration agreement. The nexbdpity to return to ELL and continue
this investigation was applied to LaserNetUS Cysleproject calf*®, whose the
acceptance result has yet to be announced. In@ddioth groups have discussed future
collaborations which ensure that these missionsldhmntinue soon, being an outlook
for a future application of our manufactured nogzle

All results and their discussions shown in thesil contribute towards the greater
aim of our research group to establish the firs¢dgelectron accelerator infrastructure in
Latin America, which will make IPEN a pioneer inghesearch area. Thus, at the end of
this step, | am confident that the PhD outcomesehasen successfully completed,
becoming one more kick-off to this greater project.
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ACADEMIC PRODUCTION

Here | present my academic production during thele'PhD period (May 2018 — May

2023) divided in topics related to my academic fation and research dissemination.

Publications

1.

APPLIED OPTICS 2023
E. P. Maldonado, R. E. Sama#l, V. F. Zuffi, N. D. Viera. Simulation of self-
modulated laser wakefield acceleration using few im\the downramp injection and
ionization injection regimesittps://doi.org/10.1364/A0.477401

JOURNAL OF THE OPTICAL SOCIETY OF AMERICA B 2023
E. P. Maldonado, R. E. Samal, V. F. Zuffi, J. R. dos Santos, N. D. Viera. Impact
of He+N2 concentration on self-modulated laser wiialee acceleration driven by
pulses of a few TWhttps://doi.org/10.1364/JOSAB.482305

APPLIED OPTICS 2023
A. V. F. Zuffi, J. R. dos Santos, E. P. Maldonado, N. D. VieraERSamad.
Femtosecond Laser-Plasma Dynamics Study by a TieselRed Mach-Zehnder-
Like Interferometerhttps://doi.org/10.1364/A0.477395

PHYSICAL REVIEW A 2022
A. V. F. Zuffi, N. D. Viera, R. E. Samad. Below-threshold-harraefgeneration
limitation due to laser-induced ionization in nobleses.
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. Ultsaféaser
micromachining of submillimetric de Laval nozzles alumina for laser electron
accelerationhttps://doi.org/10.1109/sbfotoniopc54450.2022.9%@p4

2022 LATIN AMERICA OPTICS AND PHOTONICS CONFERENCE 2022

A. V. F. Zuffi, E. P. Maldonado, N. D. Viera, R. E. Samad. Tinesd&ved
Femtosecond Laser-Plasma Measurements by a MagcidZehike Interferometer.
https://doi.org/10.1364/LAOP.2022.Tu4A.49

2022 LATIN AMERICA OPTICS AND PHOTONICS CONFERENCE 2022
E. P. Maldonado, R. E. Samaal, V. F. Zuffi, N. D. Viera. Simulation of a Laser
Wakefield Accelerator in Downramp Injection Regi®eitable for High Repetition
Rateshttps://doi.org/10.1364/LAOP.2022.TulC.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 ThirdsHanic Saturation
in Helium due to lonization Depletiohttps://doi.org/10.1364/LAOP.2022.Th1B.7

5. 12th INTERNATIONAL PARTICLE ACCELERATOR CONFERENCE 2021
A. Bonatto, E.P. Maldonado, R.P. Nunds\V.F. Zuffi, F.B.D. Tabacow, R.E.
Samad, N.D. Vieira. On the Development of a LowkPeawer, High Repetition-
Rate Laser Plasma Accelerator at IPENitps://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 medifMach-Zehnder
interferometer for time and space density measumesnéor laser wakefield
accelerationhttps://doi.org/10.1109/sbfotoniopc50774.2021.94319

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 supersongjgatargets for laser wakefield
acceleration. https://doi.org/10.1109/sbfotoniopc50774.2021.948%19

8. 2021 SBFOTON CONFERENCE 2021
B.B. ChiomentoA.V.F. Zuffi, N.D. Vieira, F.B.D. Tabacow, E.P. Maldonado, R.E.
Samad. Development of dielectric de Laval nozzabedaser electron acceleration by
ultrashort pulses micromachining.
https://doi.org/10.1109/sbfotoniopc50774.2021.94%319

9. 2021 SBFOTON CONFERENCE 2021
N.D. Vieira, E.P. Maldonado, A. Bonatto, R.P. Nun8s 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/sbfotoniopc50774.2021.94&19

10.2019 INTERNATIONAL NUCLEAR ATLANTIC CONFERENCE 2019
N. D. Viera, S. Banerjee, E. P. Maldonado,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 rékhold
Harmonics Dependence with Phase-Matching Paramatérgion.
https://doi.org/10.1109/sbfoton-iopc.2019.8910189

12.2019 SBFOTON CONFERENCE 2019
E. P. Maldonado, R. E. Samahl, V. F. Zuffi, F. B. D. Tabacow, N. D. Viera, Self-
modulated laser-plasma acceleration in a H2 gagetlasimulated in a spectral
particle-in-cell algorithm: wakefield and electrbanch 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. Developmh of glass
nozzles for below threshold harmonics and high loaimgeneration.
https://doi.org/10.1364/F10.2019.JTu3A.44

14.2018 LATIN AMERICA OPTICS AND PHOTONICS CONFERENCE 2018
A.V.F.Zuffi, A. A. Almeida, N. D. Viera, R. E. Samad. Belowr&bhold Harmonics
Beams Characterization Using the Knife-Edge Teamiq
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. Charaai&tion of Below
Threshold Harmonics Generated in Argon by Ultrashaser Pulses.
https://doi.org/10.1109/sbfoton-iopc.2018.8610890

16.2018 SBFOTON CONFERENCE 2018
R. E. SamadA. V. F. Zuffi, E. P. Maldonado, N. D. Viera. Development andi€bt
Characterization of Supersonic Gas Targets for Hingnsity Laser Plasma Studies.

https://doi.org/10.1109/sbfoton-iopc.2018.8610903

Software registration

1. ZENODO 2023
J. R. dos Santos\. V. F. Zuffi, N. D. Viera, E. P. Maldonado, R. E. Samad.
INTERFEROGRAM ANALYSIS GAS JET: INITIAL RELEASE (VRSION 1.0) Software is
available in the repository hitps://zenodo.org/record/7778347
https://doi.org/10.5281/zenodo.7778947

2. ZENODO 2023
J. R. dos Santos\. V. F. Zuffi, N. D. Viera, E. P. Maldonado, R. E. Samad.
INTERFEROGRAM ANALYSIS LIP: INITIAL RELEASE (VERSI® 1.0) Software is
available in the repositoryktps://zenodo.org/record/7864173#.ZEK7PHbMEK3B
https://doi.org/ 10.5281/zenodo0.7864173

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, Brazi

May 2021  Development of a Modified Mach-Zehnder Interferometer for Time
and Space Density M easurements for Laser Wakefield Acceleration,
in SBFoton International Optics and Photonics Crarfee 2021 (online)

Oct 2019 Below Threshold Harmonics Dependence with Phase-Matching
Parameters in Argon, in SBFoton International Optics and Photonics
Conference 2019 (S&o Paulo, Brazil)



Oct 2018
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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

Aug 2022

Aug 2021

Sep 2019

Nov 2018

Jul 2018

Awards

May 2021

Laser-induced plasma dynamics in air measured by a femtosecond

time-resolved Mach-Zehnder-like interferometer, in Autumn School
on Ultrafast Lasers & Ultrafast Optics Conferencdl XBariloche,

Argentina)

Time-Resolved Femtosecond Laser-Plasma Measurements by a
Mach-Zehnder-Like Interferometer, in Latin America Optics &
Photonics Conference 2022 (Recife, Brazil)

Development of de Laval Nozzles and a Timeresolved Mach—
Zehnder-like Interferometer for Laser Wakefield Acceleration
Studiesat IPEN, in 2021 LaserNetUS User Meeting (online)

Development of glass nozzlesfor below threshold harmonicsand high
harmonic generation, in Frontiers in Optics + Laser Science 2019
(Washington DC, US)

Below Threshold Harmonics Beams Characterization Using the
Knife-Edge Technique, in Latin America Optics & Photonics Conference
2018 (Lima, Peru)

Optical Characterization of Gas Jetsfor Electron Laser Acceleration,
in S&o Paulo School of Advanced Science on FraniiieLasers and their
Applications (Sao Paulo, Brazil)

1st place Student Paper Award in 2021 SBFoton Conference -
“Development of a modified Mach-Zehnder interferdenefor time and

space density measurements for laser wakefieldexetien”
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