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ABSTRACT

In recent decades, laser technology has been widely used in ntanoggcnon-
destructive measurement processes, and has been extensip&ynémted in medical
applications. The detailed knowledge of the laser-target oitenaalong with accompanied
effects in background environment is absolutely essential due toighiéicance of the
intricate existing occurrences. Therefore, in this discourse, a mwhpbenomena in laser-

material interaction at nanoscale are studied thorough.

Firstly, the dynamics and internal structure of shock waves iospoond laser-
material interaction are explored at the atomistic level. gressure of the shock wave, its
propagation, and interaction zone thickness between the plume and ambience aredealuat
study the effect of the laser absorption depth, ambient pressuréasamdluence. Sound
agreement is observed between the molecular dynamics simulatidhesretical prediction
on shock wave propagation and mass velocity. Due to the strong constoamtthe
compressed ambient gas, it is observed that the ablated plume could stop movingdodwvard
mix with the ambient gas, or move backward to the targetaseirfleading to surface
redeposition. Under smaller laser absorption depth, lower ambientifgress higher laser
fluence, the shock wave will propagate faster and have a thintkesction zone between the

target and ambient gas.

Secondly, the effects of shock driven process of the laser-allaged plume in the

background gas environment are explored via molecular dynamicsasonal The primary



X
shock wave propagation and its influence on the backward motion of therteatpetal are
delineated. It has been observed that the strong pressurengrasige the main shock wave
overcomes the forward momentum of the plume and some compressedadasy ke
backward movement and re-deposition on the target surface. Reflettibe backward
moving gas on the target surface results in the secondary shockDedaied investigation
of the secondary shock wave phenomenon is provided, which gives, for th@rfestan

insight into formation and evolution of the internal gaseous shock at the atdevistic

Thirdly, the physics of plume splitting in pico-second laser ratérteraction in
background gas are studied with MD simulations. The velocityilalisibn shows a clear
split into two distinctive components. For the first time, detaaliean trajectory track reveals
the behavior of atoms within the peaks and uncovers the mechaniseakdbpmation. The
observed plume velocity splitting emerges from two distinguished parthe plume. The
front peak of the plume is from the faster moving atoms and snpatécles during laser-
material ablation. This region experiences strong constrant the ambient gas and has
substantial velocity attenuation. The second (rear) peak of the pkloesty originates from
the larger and slower clusters in laser-material ablationselHarger clusters/particles
experience very little constraint from the background, but dextatl by the relaxation
dynamics of plume and appear almost as a standing wave durireydhdion. Density
splitting only appears at the beginning of laser-material iabl@nd quickly disappears due
to spread-out of the slower moving clusters. It is found that highdyient pressure and

stronger laser fluence favor earlier plume splitting.



Xi
Finally, the conclusions are drawn and author’s contributions fronorpeetl work

are delineated.



1. INTRODUCTION

The number of applications of the laser ablation of materials ikgbagnd gas has
thrillingly increased in recent years, especially having widedage in photolithography,

integrated optics, and last, but not least, the micro/nanofabrication.

Specifically, laser—induced ablation results from the conversion of an inéctahic
or vibrational photoexcitation into kinetic energy of nuclear motiorgiteato ejection of
atoms, ions molecules, and even clusters from a surface. Thditorrafan ablation plume
— a weekly ionized, low-to-moderate density expanding gas cloud — mpisnatcompanied
by complex plasma-surface interactions, gas dynamics, andindseed photodynamics.
The kinetics and dynamics of this conversion depend critically oom#@hanism of light
absorption, electron-lattice interactions characteristic of a@iserdirradiated solid, such as
scattering of free electrons by phonos with phonon emission, leddi#tice rearrangements
and configuration changes such as self trapping of holes and exitond, fdefeation and
defect reactions as well as surface decomposition due to tieeiednteractions of defects

with lattice ions (Miller and Haglund, 1998).

Unquestionably, great popularity of this technological genre is owedheo
contemporarily developed techniques such as laser micromachiniggr§Ssy and Lazare,
1992), laser shock peening (Hail al, 2003), and pulsed laser deposition (PLD) (Chrisey and
Hubler, 1994). In these methods, ambient medium is frequently used tverpe desired

characteristics of the obtained materials as well as opsabf the final surfaces produced.
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However, presence of background environment significantly affectetmation of intricate
kinetic and dynamics processes, which among others may incapbeaplume backward
motion, plume oscillation with plume splitting, and generation of tiregry and secondary
shock wave front. Therefore, the dynamical behavior of the plume, altingaccompanied
effects in such environment (shock waves) are of fundamental sagitédn obtaining the

detailed knowledge about these intriguing phenomena.

A considerable number of techniques have been used to provide inéorrabbut
the interaction of laser light with solids so far. The greaérest is to measure many
parameters in laser ablation process. They may include: tpe shd velocity of the plume
at various times after the ablating laser pulse, the spdisatibution of density, and
temperature at various times after the ablating laser ,palsk the spatial variation of the
plume composition, in terms of the atoms, molecules, excited ,statdsclusters presence
(Phipps, 2007). A very extensive literature describing a wide rasigexperimental
techniques to diagnose laser ablation plumes exist. These haveebeswed by various
authors in particular by Chrisey and Hubler (1994) or Eason (2007)mé&teods include a
variety of optical spectroscopies, electron and mass spectyontiete-of-flight studies,
optothermal techniques and pressure and momentum transfer measurmguees, all of
which have been applied for the study of the event during and imnigdsitewing the

light pulse.

Therefore, in order to establish any optimization of the film déposprocess it

requires then, a comprehensive knowledge of the plume processes duriggpamsion.
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Since the breakthrough in preparation of thin films of Y-Ba-Cu-O rsopéuctor using
pulsed excimer laser evaporation of a single bulk material tevrgeicuum (Dijkkampet al,
1987) the optimization of the film deposition immensely progressedneties. Dyeet al.
(1990) studied plume dynamics for excimer laser ablation of Y-B®Cin an Q
atmosphere using streak photography and spectroscopy. They obdated pressures
greater than 1 mbar the expansion resembles a blast wave dyitba Bblation products
with mixing and reaction at the contact surface. Seio#il. (1990) investigated the luminous
ablation plume formed by laser irradiation of the superconductosGilB@;.x by high-speed
framing photography. They reported the formation of shock waves aradilites on the
shock front for pressures above 0.25 mbar and found that changing Hsereref the
background oxygen gas influences significantly the velocity distoibutf ejected products.
Lichtenwalneret al. (1993) presented the results on how the ablated flux charticken$
PZT, LSC, and MgO strongly dependent the ablation time, the Iasegye and the oxygen

(or noble gas) pressure.

The knowledge of plume’s behavior has advanced tremendously fromahg m
recent spectroscopic studies with fast imaging techniques (Gaoleagl Puretzky, 1995;
Harilal et al, 2002, 2003; Amoruset al, 2005, 2006), but Langmuir probe studies have also
contributed to the understanding of plume dynamics (Geohegan and Puretzky, 199%tWood
al., 1997; Hanseret al, 1999; Amorusogt al, 2005, 2006). Furthermore, the study by
Ashfold et al. (2004) focused on aspects of the fundamental chemical physkisfofind
PLD processes and deposition, and has attempted to track the evolutiateoél from the

target through to the deposited film.



The detailed theoretical or computational treatment has beerpatformed and a
number of numerically based models have been developed for las@wraplacesses. The
theoretical description of the adiabatic expansion has been consieroisimov et al.

(1996). His original model was extended to describe an expansion into a background gas with
a low pressure. Arnoleét al. (1999) derived an analytical model for the plume dynamics
during the expansion into a background gas. Their model is based on as@x@ansion in
forward and backward direction from a fictive target surfadbaout any assumptions of a
background gas of low pressure. Patbakl. (2007) developed the method that can capture
multiple plume roll-up, interaction of plume with shock waves and thayneld that the
combination of nonlinear Godunov and linearized Roe methods for discretintmome

gas dynamic equations is suitable for modeling plume dynamics in laséorablacarbon.

Gaining a better understanding of the factors governing thermal pagsical
phenomena under laser irradiation is of special importance foriatateeraction process.
Essential knowledge of the dynamics of the shock wave and transiem’plbehavior can
serve for controlling the laser material interaction procesanging the efficiency of laser
assisted micro-machining, and minimizing the laser induced mlatexmage. These brief
chapters give separate introductions in number of laser maitgeahction processes and

techniques that involve generation of the shock wave.



1.1 Shock Wave Phenomena in Laser Material Interaction in Background Gas

The study of laser ablation processes is absolutely esseintial it has been one of
the key laser technologies of recent years. It constititeguence of particularly convoluted
and multiplex phenomena inclusive of laser-solid interaction, evaporafitarget material
due to the implemented laser energy, plasma plume formation combitiedswintrinsic
generation of high kinetic energy region of the ejectants, tratasiom and evolution of the
intense, very short time scale shock waves associated witlsénfgocesses in the ejected
front cloud, along with plume-solid interaction at the depositedaserf Of special
importance and intricacy is the dynamics evolution of shock wawetader-material
interaction. When a background gas instead of a vacuum environmentessntpr
considerable new processes arise such as deceleration, attemmatithermalization of the
molten particles, as well as diffusion, recombination and formatidimeo$hock waves (Let
al., 2000). Often observables are also generation of multiple fronts, lnsigrs frequently
combined with plume backward motion occurrence and phenomenon of ‘pluntiecs il

resulting in significant impact on the deposition process.

The nanoscale shock wave phenomenon has long fascinated researchers all around the
world and has been the subject of intensive investigation in rgeant. Shock waves are
fast mechanical transients generated by violent impactsptostans associated with the fast
compression inherently violent increase in pressure and temperatuoedidgdo Zel'dovich
and Raizer (2001) shock wave formation is the result of a growidigptlynamic interaction
between the plume and the background gas and becomes important wiessshef the

displaced gas is comparable to the mass of the plume. The sttity iaternal structure of



6
shock fronts is of interest for many and recent progress in camgttihe techniques of time-
resolved molecular spectroscopy with shock compression science gdwenplr insight in
studying physical chemical phenomena that involve large-ampldigggacements (Dlott,

1999).

The accompanying issue of plume splitting in low pressure bagkdrgases has
been reported in the profound experimental (Geohegan and Puretzky, 1995, 1896) an
numerical work by Leboeudt al. (1996) and Woodet al. (1997). Work by Voevodiret al.

(2000) presents results of laser ablation deposition of yttridis&abiirconia films in a low
pressure oxygen and argon ambient environment. One significant stuthartgl et al.

(2003) shows the effect of ambient air pressures on the expansiamidgnof the plasma
generated by laser ablation of an aluminum target. Mason and (2@0k) investigated how
laser parameters, especially laser fluences affecrcsate and shape formation. Moreover,
Russoet al. (2000, 2002) performed sound research on how laser fluence, the induced recoill

pressure and radiating heating of the substrate influence the amount of alalzteal mass.

The subject of laser ablation in background gas and consecutively slaves w
formation is also extensively treated in prior theoretical and noahditeratures. Analysis of
multiple shock waves has been well documented in a theoretical Bjud®wylgakov and
Bulgakova (1995). In Lest al’s study (2000) the physical phenomena involved in laser-
induced plasma expansion into a background gas was numerically studieduthioes
developed a model which considers diffusions, thermal conduction, vis@sitypnization

effects. A new theoretical model has been developed by Zhangagus G004) to explain
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the influence of ambient gas and laser intensity in laser abla&nother theoretical study by
Bulgakov and Bulgakova (1998) paid particular attention to the analoggéetan ablation

plume and a supersonic under expanded gaseous jet.

Nevertheless, none of those fully stated about shock wave formation, propagel
attenuation, interaction of the shock wave with the ablation plumest effethe optical
absorption depth on the shock wave, or the effect of the laser puldg laskr fluence,
background pressure, and species of the background gas. It would be of rabieside

significance to have a compendium of those compelling processes.

In chapter 3 is presented quantitative explanations for a nuaibgas-dynamics
effects when the interaction between the picosecond laser aldaged plume and

background gas occurs in a very short of time - up to 5 ns.

1.2 Secondary Shock Wave Phenomenon in Laser Material Interaction in Backgund
Gas

In laser-assisted material processing an ambient gagjigefrdy used to improve the
desired characteristics of the obtained materials as wejualities of their final structure.
The presence of background gas and the induced shock wave signifidéettg she
dynamic behavior of the ablated plume. In prominent research onyttendts of laser
ablation plume by Geohegast al., experimental investigation (Geohegan and Puretzky,
1995) as well as theoretical study (Leboeué&l, 1996 and Wooeét al, 1997) of the plume

splitting in low pressure background gases has been performeeéstimgrtheoretical study
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on gas dynamics of pulsed laser ablation by klaal. (2002) was conducted on shock wave
formation in helium ambient gas and reflection of the shock front omilisen substrate.
Recent measurements of the internal structure and expansionidyrantaser aluminum
plumes have been reported in work of Hardalal. (2003). Work by Singtet al. (2005)
provided study on the effect of ambient pressure on the redepositiobr aled the plume
backward motion. Furthermore, the issue of pulse characteristie giume expansion was
reported by Bulgakowet al. (1996) Time-of-flight (TOF) signal oscillations according to
generation of the primary and secondary shock wave in the plumgrbank gas
interaction was observed in their experimental work (Bulgakbwal,. 1996), and that

exceptional feature has been covered also empirically (Bulgakov and Bulgakova, 1995)

Although extensive experimental and theoretical work has been doriee ahadck
wave phenomena in laser ablation, the formation of the secondary sheelhasnot been
explained satisfactorily. As a matter of fact, to the authkm@wledge, the internal shock

wave formation at atomistic level has scarcely been studied in litesatdae.

One of the objectives of chapter 4 is to explicate the procedsrmfation, and
particularly structure with thermodynamic and physical states oettendary shock wave in

nanoseconds range at molecular level.
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1.3 Plume Splitting in Laser Material Interaction under the Influence of Shock Wave
A wide spectrum of applications for pulsed lasers in mater@gssing, thin film
growth, and laser-assisted manufacturing has brought overwigelnierest to the field of
laser-material interaction. The techniques are complicatedrendynamics of expanding
laser ablation plume in background gas consists of many succekdiaeated phenomena
(Chrisey and Hubler, 1994; Eason, 2007). At a certain distance from the tar@etctioa of
atoms from the plume that penetrate the surrounding gas aslya dsgEnding plume
decreases strongly with the increasing gas pressure. Thisskedseaccompanied by a large

enhancement of the slow component which leads to the so-called plume splitting.

Over the last decade plume splitting in laser-materialaotem has received much
attention in literature and a preponderance of previous work idiegtthe phenomena both
experimentally and theoretically. The most in-depth one that gemgsdetailed accounts of
the concerned effect is given by Geohegan and Puretzky (1995pmwhimled first time
compelling evidence of the plume splitting for yttrium in argon mment , and compared
with results in several other systems, including Si/Ar, SI/HBC®/O, (Geohegan and
Puretzky, 1995) Furthermore, the authors interpreted the experimessialts using
hydrodynamic model that includes multiple scattering to exéypis occurrence (Leboeuf
et al, 1996 and Wooet al, 1997). The nature of plume double-peaked arrangement in the
background gas has been widely investigated by Bulgakat. (1995, 1996, 1998, 2000)
based on superconductor YBCO in oxygen and an endeavor of the respgasatiy@mamical
modeling has been conducted. In prominent study by Harilal (2001) the phlittimg has

been observed also in carbon/helium system for different laser déisieaad the plume
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splitting effect was observed only in a particular pressure range inan $yistem (Harilaét
al., 2002). Moreover the twin-peak distribution formation has been studied feredif air
pressures (Harilat al, 2003). In recent years the work performed by Amoerisal. (2005,
2006, 2008) provides remarkable investigation of the clearly observed icngtaime
splitting in a variety of gases such as helium, oxygen, argon andnxfor UV laser

irradiation.

Various analytical techniques based on gas dynamics have been déuelabaedy
the laser ablation regime. These models provide somehow insufficisight into the
physical picture. To that subject more suitable appears to bedlexular dynamics or
Monte Carlo simulation approach. One account of the strength atdh@stic investigation
is to provide detailed explanation of nanoscale phenomena. Analysidtiinarat al. (2002)
numerical modeling based on the combined large-patrticle direct Miamte simulation has
provided compelling evidence on the existence of the double peaked chamagiéD,
system. In their work the physics of plume splitting from tleemastic view were attempted

to explain.

The chapter 5 of this study represents an early attempt tgpéRethe fundamentals

of plume splitting at atomistic level under the influence of shock wave.
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1.4 Laser Shock Peening

The rapid progress in laser material interaction regime toéd to development of
one special, derivative technique — laser shock peening (LSP), whiohnpante is strongly
influenced by shock wave. The introduction of this technology brougttaa application in
the material surface manufacturing and consequently recent dedegts full
commercialization. Generally, LSP is a process in whidasar beam is pulsed upon a
metallic surface, producing a planar shock wave that travels thrieglvorkpiece and
plastically deforms a layer of material (Hét al, 2003). It uses a strong laser impulse to
impart high compressive residual stresses in the surfacetefiah@omponents. The laser
pulse ignites a blast from the specially coated surface of the compoherxpgansion of the
shock wave then creates a traveling acoustic wave that isecoumb the component,
thereby compressing the material’s lattice microstructditee achievable strengthening
results are a significant improvement in the high cycle fatmoperties of the component

and greatly increase its surface mechanical properties.

The method has already found wide range of commercially avadapléecations and
continuously extends its potential. Not only in military, aerospacetalnshaping of Ti
airfoils in high-performance aircraft), medical and automotive itndssis used, but in
treatment and forming of components used in healthcare delivery, npolear generation,
and drilling for petroleum products. Overall the laser peenindntesa has proven to be

robust and reliable, meeting severe, high performance industrial reqoiseme

One of the characteristics of this technique is that targitcguis usually coated with
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protective layer of the dark paint and the process is performeer undhin overlay of
transparent material, like water in order to generate highemplgressure than that in the
air. When a nanosecond laser pulse passes through the transparent taatpmayer,
focuses on the top surface and is absorbed by the dark paint. Duefdottiibat the mean
free path in metals of visible and near infrared laser radgiasi less than im, only a very
thin surface layer of material is heated when a lasambef sufficient intensity strikes a
metal surface. Sudden energy deposition time, limits thermalsdifi of energy away from
the interaction zone to at most, a few micrometers. The headderial is ejected, vapor
rapidly achieves extremely high temperatures, and electron®om@ized from the atoms
which all in result give rise to a rapidly expanding, high presplagma cloud. The ablated
plasma plume is tamped to the surface by the water layact$ like a lid on a pot to help
contain the shock). If the plume is not confined to the metal syrfaessures of only a few
tenths of GPa are achieved. However, if an overlay transparém taser light is pressed
against the metal surface, the hydrodynamic expansion of thelh@asena in the confined
region between the metal target and transparent overlay ctbatdsgh amplitude-short
duration pressure pulse required for laser and shock processing (€taaér 1981).
Therefore, the plasma pressure is enhanced by water. Thetioteaeates a pressure shock
wave in the range of few GPa to build up on the workpiece surfagelovto 100 ns that in
turn creates a deep compressive stress layer directly uatlertitee focused pulse and
exceeds the yield stress of metals. The plasma is spatwaitgined from spreading across
the surface area by layer of tamping water and thus tresnarshock wave directly forward
into the metal. After the passage of the high amplitude shocle wathe material, the

permanent strain remains and the surrounding metal materialaingadtie strained region
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due to elastic strain, and thus forms a compressive residess sin the metal surface. Each
laser pulse imparts GPa range pressure pulse at the componeoé fiyfgenerating a
plasma in a thin layer of protective tape or paint on the matéce. The high rate of
deformation during laser peening produces a layer of plastidaftyrmed material and the
depth of plastic deformation and resulting compressive residual stresgraifieasitly deeper
than possible with most other surface treatments. LSP does nottHeakenetic energy
limitations of metal or ceramic shot. As a result, it can indua®mpressive stress layer
more than 1 millimeter thick, some four times deeper than thainaitile with traditional
shot (Hill et al, 2003). The increased depth effectively extends the service kfetimarts
some three to five times over that provided by conventional treagjremnincrease essential

for preventing cracking on blades, rotors, and gears.

A unique offered advantage of some techniques of laser shot laserspitdsequare
profile. A typical laser's round output beam requires overlapping spossmetal surface in
an inefficient manner, but the new systems allows full covevdgach square spot directly
adjacent to the next. Furthermore, the systems are capable toatcadign maintain the
laser-pulse wavefront near the physically allowable limit, enghbhigher power without

worry of laser glass damage or damage to the treated paret(Hill 2003).

The hardening of the some materials is a result of a signifincrease in dislocation
density caused by the shock wave. However, some metals dospohdeto a single laser
shot at the peak pressures achievable by laser. For that reakimbenshots can produce a

progressive increase in hardness. The increase in hardness is lnawsedhcrease in the
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dislocation density with increasing laser shock repetitions (Cktuadr, 1981).

Large number of literature has been devoted to the laser shockhgppbeNnomena. A
number of metals and alloys have been treated by LSP, includilg, sstkiminum alloys,
titanium alloys, nickel-base superalloys, cast irons and a pomdgallurgy iron alloy. In
some of these cases, the investigations include both residuaéstesssk fatigue results, or
directly compare LSP and shot peening (Evesettl, 2001). The results of tensile testing
and hardness depth-profiling indicated that the laser treatsigmificantly improved the
mechanical properties of cast titanium by improving the suifategrity of the cast surface
contamination (Watanabet al, 2009). The thickness of the plastic deformation layer near
the surface generated by the shockwave in LSP is higher tham?®.@ith increasing the
number of the laser impacts in LSP, the compressive residusdedrand the microhardness

at the surface of the LY2 aluminum alloy specimen increases (&taig2009).

The laser shock peening process has been covered also in thkédietigations. A
numerical model for the simulation of LSP of materials whicHunhes coupled elastic—
plastic wave propagation—structural analysis at each tieye lsas been performed. Finite
difference method has been used for the elasto-plastic vmahgses due to recoil pressure
loading at the surface; whereas the plastic deformation anceshétimg residual stresses
developed in the laser-treated region of the substrate are coniqyutesing non-linear FE
method (Arif, 2003). A finite element analysis method adopting dynamatysis with LS-
DYNA and static analysis performed by ANSYS is descrilbeddetail to attain the

simulation of single and multiple laser shock processing. The méthosed to simulate
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shock wave propagation and predict the distribution of the residgsiset in the metal

alloys of 35CD4 50HRC steel treated by LSP with square laser spet @ilu2006).

1.5 Molecular Dynamics of Laser Material Interaction

Despite a substantial amount of research on laser ablation hasdrekrcted, the
underlying effects and the mechanism of laser induced plume expansem ambient
environment still remains relatively unclear. Great difficglxist in the analytical study, as
well as in experimental investigations such as measurementbeotransient surface
temperature, the velocity of the solid-liquid interface, and theemah ablation rate. The
continuum approach of solving the heat transfer problem becomes questiondéiethe
above extreme situations. To gain further insights into thesenésy phenomena,
molecular dynamics (MD) simulation is necessary, which allpgaple to directly track the
movement of molecules/atoms. Additionally, this method is capable w&#alieg the
thermally induced processes down to atomistic levels for imgagstg the ultrashort laser
material interactions (Wang, 2005). At nanosecond time scale, nit pcavide more

appropriate quantitative description of the shock wave behavior.

A vast amount of commitment has been devoted to the usage of Mbdiolaser-
material interaction and simulation of shock wave—induced phase wassitn nineties due
to the growing computer capabilities small systems were tigadsd. A significant
development for MD in the last 20 years has been the design ofreadistic semi-empirical
interatomic interactions, not only for monatomic metals, but alsadactive condensed

molecular systems (Holian, 2004). Shock wave experiments areupaty well suited for
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molecular dynamic simulations because in such experiments saixgseare small and time
scales are short (Belonoshko, 1997). Roberét@t. (1991) performed MD simulations for a
2D diatomic molecular solid for less than 5000 atoms, and rebtintg those exhibit a
shock-induced phase transition and concomitant split shock wave. Hakkindémrzshdan
(1993) investigated dynamics of superheating, melting, and amgpeatocesses at Cu
surfaces induced by laser-pulse irradiation using moleculandgaaimulation. Belonoshko
(1997a, b) performed a three-dimensional molecular dynamics siomulef shock wave
loading to investigate the Hugoniot equation of state at the titansif argon from solid to
liquid. His calculations with different numbers of atoms showed that tsterayconsisting
6000 atoms is sufficient to obtain reliable results. EtcheverryMeghros (1999) studied
laser material interaction of crystal argon model and the praxtuofi acoustic waves in a
material irradiated by a pulsed laser, by means of moledyteamics simulation for 500000
atoms. Lorazeet al. (2003) investigated the mechanisms of laser ablation in silicze ¢b
the threshold energy for pulse durations of 500 fs and 50 ps which Wasvext using a
unique model coupling carrier and atom dynamics within a unified Momtdéo Gand
molecular-dynamics scheme. Zhigilei (2003) investigated thendigseof the early stages of
the ablation plume formation and the mechanisms of cluster ejéctiarge-scale molecular
dynamics simulations (more than 1 million molecules). lvaebal. (2003) presented the
first atomistic simulation of a shock propagation including thetle heat conduction and
electronphonon coupling. Their computational model was based on the two-temgera
model that describes the time evolution of the lattice and eletdmperatures by two
coupled non-linear differential equations. Perez and Lewis (2004 )edttice variations in

the thermodynamic paths followed by materials during fs andges hblation using a simple
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two-dimensional molecular-dynamics model. They investigated themdaynamic
evolution of a material after irradiation by femto and ps pulsigywssimple 2D Lennard—
Jones model. Lorazet al.(2006) investigated the thermodynamic pathways involved in laser
irradiation of absorbing solids in silicon for pulse durations of 50énf$ 100 ps. This was
achieved by accounting for carrier and atom dynamics within dioa Monte Carlo and
molecular-dynamics scheme and simultaneously tracking theetiolation of the irradiated
material inpo-T-P space. Of special significance is work by Zhigiéeial. (2003) where a
combined MD-DSMC computational model has been developed for simulatitve tdng-
term plume expansion of organic systems. Zhigilei’s in-depth stedyaled a number of
physical phenomena, including temperature and pressure evolution, phage/ekaonsion,
structural change, and ablation rate change in laser ablatimoletular systems including
organic materials. Investigations on thermal transport, phase c¢hdngenal stress
development and propagation, and nanoparticle formation in laser-matésiaiction can
also be found in other literatur@4/ang and Xu, 2002, 2003a, b; Wang, 2005). It needs to be
pointed out that in these MD studies of laser-material intenrattie emphasis was placed on
the plume behavior during laser ablation in vacuum (without shock wave)efldat of

shock wave on plume evolution has not been studied in these works.

In recent years, more emphases have been placed on the exploratinatiof dad
physical properties of nanodomain shock wave in near-field raatarial interaction (Feng
and Wang, 2007) and its dynamic structure with mass penetration picdsecond laser

irradiation (Zhang and Wang, 2008).
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1.6 Problem Statement and Objectives
The overall objective of this work is to study the thermophysiced dynamical
phenomena in laser material interaction with ambient environment sidge picosecond

laser pulse by molecular dynamics (MD) simulations. The study hasdpeeific goals.

First goal is to study the shock wave phenomenon in laser alatgeraction. Since
blast wave accompanies the physical phenomena in laser ablatipresence of the
background gas, the study is focused on the formation, propagation amtioevalong

characterization of its thermal, physical and thermodynamical proppéiasieters.

Second objective is to study the secondary shock wave in lasenahateraction.
Due to the strong interaction with background gas, plume re-deposite dargjet surface
which causes backward movement of ambient gas and reflection lwrarget surface
eventually results in formation of the secondary shock wave. Thg suddcused on both
pressure/velocity and temperature/density distribution within psocé formation of the

internal shock wave.

The last goal is to study the phenomenon of plume splitting irr lasgerial
interaction influenced by the shock wave. When the fraction of abmmsthe expanding
plume that penetrate the surrounding gas decreases with the imgrgasipressure, a large
enhancement of the slow component is being formed, which leads to thegplittney. It is
of special interest to perform atoms track which allows monitottiregbehavior of atoms

within the peaks in order to reveal the mechanisms of peak formation.
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2. METHODOLOGIES OF MD SIMULATION

Molecular Dynamics simulation is a computational method to invéstigiae
behavior of materials by simulating the atomic motion governed inyeeatomic potential.
For the purpose of this study, the computational domain has been desigesémble a
free-standing target material placed in a gas environmetiated by a laser pulse (Fig.
2.1a). Argon material is selected for the film target in $heulations because it is well
characterized physically and chemically, and it has been thososgidied in the laser-
material interaction using MD. Argon crystal structure adanget has an initial temperature
of 50 K, and the lattice constambf the face-centered-cube (fcc) is 5.414 A. The melting and
boiling temperatures of argon at one atmosphere are 83.8 K and 87.3 Ktivebpewhile
its critical temperature is 150.87 K. The background gas sharersproperties as the
target, such as the molecular mass, but has a modified intergiotaitial which considers
only repulsive force between atoms. Except this, the model gasaisged to have the same
parameters as argon for MD simulation. As a result, this appseigcificantly simplifies the
computation and reduces the computational time. The computational doreasunes
32.5%2.7x3627 (nm)x&yxz) and consists depending of the considered case of 262708,
375,000, and 630,000 atoms. The solid target material is 108 nm long mdtrextion,
below which there is a gas domain 271 nm long. Periodic boundary conditemspmsed
to the boundaries in theandy directions, and free boundary conditions to the boundaries in

thez direction.

The basic problem of MD simulation involves solving the Newtonian equétion
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each atomic pair interaction with the usage of the Lennard-Jones potential
d?r,
dt® 5
where m; and r; are the mass and position of atomespectively,F; is the pair force

between atoms andj which is calculated a&;; =—0g; /orj . The Lennard-Jones (12-6)

potential is in the form

12 6
¢y =4-¢ (2] —{2] (2.2a)
rij rij

where ¢ is the LJ well depth parametes; is referred to as the equilibrium separation

parameter, and; = r; — ;. . Therefore, the forcg; can be expressed as

14 8
rij rij

Fi —4-5-[120—12+60-—6]-rij (2.2b)

A finite difference approach is a standard methadsolving ordinary differential
equations. The general idea behind MD is to obtlaghatomic positions, velocities, etc. at
time t+ ot based on the positions, velocities, and other ehymanformation at time. The
equations are solved on a step-by-step basis, lndimhe intervalét is dependent on the
method applied. Howeve# is usually much smaller than the typical time takar an atom
to travel its own length. Many different algorithrhave been developed to solve Egs (2.1)
and (2.2). In this calculation they are solved pglging the modified Verlet algorithm to the

velocity, which is commonly identified as the hatép leap-frog scheme with a time step of

25 fs. Verlet algorithm is widely used due to itsnrerical stability, convenience, and
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simplicity (Allen and Tildesley, 1987). The velocierlet algoritm is expressed as

Fij (t + &)
Vit+at/2)=v(t-a/2)+ ——at (2.3a)
HE+at)=r{)+vit+a/2a (2.3b)
Fy (t+t) = o) (2.3c)
arij
v(t) :%(V(t+é’[/2)+v(t—&/2)) (2.3d)

During computations, most time is spent on calaugforces. When atoms are far
away enough from each other, the force between theragligible. The interaction between
atoms is neglected when their distance is beyoadtioff distance;. = 2.50 meaning the
distance between atoms is first compared wjtand only when the distance is less than
the force is calculated. The comparison of the a&adistance wittr. is organized by of the
cell structure and linked list method (Allen andld€sley, 1987). In this method the
computational domain is divided into regular celith a size a little greater than the cutoff
distance. The cell structure and the linked listhod are demonstrated in Fig. 2.2, which
shows cells and atoms into their appropriate defilsed on their positions. The method

involves sorting all atoms into their appropriagdi<based on their positions (Wang, 2001).
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Figure 2.2 Cell structure and linked list in a 2-D space.

During the first 200 ps (8000 steps), the veloatynolecules is being scaled up to
100 ps. Initial velocities of atoms are specifiaddomly from a Gaussian distribution based

on the specified temperature of 50 K using theofeihg formula

1 3, 3
~my v = kgT (2.4)
2 &7 2

whereks is the Boltzmann’s constant. During the equilibrigalculation, due to the variation
of the atomic positions, the temperature of thgeamay change because of the energy
transform between the kinetic and potential enerdie order to allow the target to reach
thermal equilibrium at the expected temperaturégoiy scaling is necessary to adjust the
temperature of the target at the early stage oilibration. The velocity scaling approach
proposed by Berendset al. (1984) is applied in this work. At each time steglocities are

scaled by a factor

b
t\ & .
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where( is the current kinetic temperature, ant a preset time constant, which is taken as
0.4 ps in the simulation. This technique forcessytem towards the desired temperature at
a rate determined Ity while only slightly perturbing the forces on eatlom. After scaling
the velocities, the calculation is continued tachethermal equilibrium and to make sure that
the disturbance caused by the velocity scaling lisimated. Towards the end of the
equilibration, the ambient gas reaches a pressi2d MPa, close to the ideal gas condition
(0.27 MPa). In this work, different ambient pregsuranging from 0.051 MPa to 0.87 MPa
are used for studying shock waves. These presauveeSigher than those used in PLD, and
are close to open-air laser-assisted surface rmastgtng, and pulsed laser-assisted material

machining (polishing, welding, and drilling).

The target top surface is uniformly irradiated wathsingle laser pulse which has a
temporal Gaussian distribution (Fig. 2.1b) anduerice of 3, 5 and 7 JAmdepending on
considered case. The laser pulse has 11.5 psltiv@dth at half maximum (FWHM) and is
peaked at 10 ps. The laser beam heating is apphethe top target surface after 200 ps
equilibrium calculation, and the irradiation is woietrically absorbed in the material. This
incident laser beam within each time sté}) (s assumed to be absorbed exponentially with
an artificial optical absorption depth)(and is expressed in the following formula (Wang,
2005)

a__1@
dz r 26)

The incident laser energy within a time sté (s E, =6t-1-A whereA is the area of the
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target surface. The laser energy absorbed insam#terial is

AE =Eq- (1— ex;{— gD (2.7)
7o

where oz is the layer thickness, arith is the energy incident on one single layer in zhe
direction. The domain is divided into such layersose thickness is a little larger than the
cutoff distance used in force calculatiap.= =po/p is the adjusted real optical absorption
depth, wherepy and p are the bulk density and true density of the targespectively.
Finally, laser beam absorption in the target isieadd by exciting the kinetic energy of
atoms, and is accomplished by scaling the velacdfeatoms by a factor which is expressed
by (Wang, 2005)
05
AE

X =11+ TN (2.8)
EZM '((Vi,l—‘71)2+(vi ,2—\72)2+(Vi ,3—‘73)2)
i=1

wherev;j andV; (j = 1, 2, 3) are velocities of atonand the average velocity in they, and
zdirections for atoms in a layer normal to the tasam. The new velocity; ; of atomi is

calculated as follows

Vi =W v )2+, j=1,23. (2.9)

In order to make computations more approachabke mtion-dimensionalized

parameters are used which are listed in Table\¥dng, 2001).



Table 2.1 Non-dimensionalized parameters

Quantity Equation

Time t* :t/( m/450')
Length r“=rlo

Mass m‘=m/m=1
Velocity V' =v/Jae/m
Potential ¢ =¢l4e

Force Fi =F; /(4¢/0)
Temperature T" =kgT /4¢
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On the other hand, the parameters used in thelaa@muare listed in Table 2.2 (Lukesal,

2000).

Table 2.2 Values of the parameters used in theulzdion

Parameter

Value

& LJ well depth parameter (J)

o, LJ equilibrium separation (nm)
m, Argon atomic mass (kg)

ks, Boltzmann constant (J/K)

a, Lattice constant (nm)
re, Cut off distance (nm)

x-direction domain size (nm)
z-direction domain size (nm)
z-direction target size (nm)

A, Time step (fs)

7, Laser beam absorption depth (nm)
E, Laser energy fluence (Jm

Number of atoms

1.653 x 1G*
0.3406
6.63 x 107°
1.38 x 107
0.5414
0.8515
32.484
3627.38
108.28
25
5, 10, 15
3,5,7
262708, 337500, 630000
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Moreover, in the simulations conducted in this warkorce elimination procedure
needs to be considered as follows. In laser intieraevith the target material, a strong stress
wave will form and propagate throughout the targehe laser incident direction. When this
laser-induced stress wave reaches the oppositeokithe target, it can tear off the material
and induce unrealistic damage, or the stress ware be reflected and may induce
unexpected artifacts in the liquid-vapor zone, capshanges in the generation and behavior
of the shock wave. In our approach, a special bagntteatment is used at the back side of
the target to eliminate the above phenomena. Aitetmg force is applied to the atoms in
the affected boundary region, and it can be exptes$sllowing the work by Zhigilei and
Garison (1999) as

Fo-- 2208 (2.10)

wherep is the density of the target in the selected megios instantaneous average velocity
of the atoms within the boundary, ands the speed of propagating stress waves the
number of molecules/atoms confined by the affecesgion. Wang’s previous simulations
(Zzhang and Wang, 2008) proved that the above stresmsdary treatment works well in
terms of eliminating stress wave reflection andidiwg undesired material damage in the

boundary region.
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3. DYNAMICS EVOLUTION OF SHOCK WAVES IN LASER MATER\L

INTERACTION

3.1 Shock Wave Formation and Evolution: a General Picture

Consideration of the shock wave formation and evatuis presented on the basis of
the situation when the laser energy is 3%Jtime absorption depth is 5 nm, and ambient gas
pressure is slightly above 2 atm. A series of snajssof atomic positions in the simulated
domain k-z plane) at different times are shown in Fig. 3A&80.5 ns a denser region in red
color is already visible, which represents the espan front of the shock wave (marked with
arrows). The applied laser beam forces the targgemal to evaporate because its energy
intensity exceeds the material ablation threshektjing to generation of an evidently strong
shock wave composed of compressed adjacent gas #éfbvarget. In the initial stages, the
ejected plume immediately exerts forward, beinguosdl by the high pressure mainly from
intense phase explosion (Wang and Xu, 2003) andradginto the background gas until the
end of laser pulse. As can be noticed in laterestaganoparticle-like clusters are formed,
mainly due to phase explosion and condensationl@Hat al, 2003). When the high energy
plume propagates through the background gas, ttegretation between solid and gas
becomes more significant. More mass of the amlgeastis being entrained in the shock
wave front. Meanwhile, the ejected plume is beiagtrained due to increasing repulsive
effect from the ambient gas. This restraint presvdht plume from developing freely in
space. Consequently, thermalization of the plumeursc because slowing of the plume
velocity converts its kinetic energy into thermaeggy. With the time evolving, the co-

existing length between the plume and the backgi@as increases because of the relative
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movement between the plume and the ambient gasrinteresting phenomenon observed
in Fig. 3.1a is that starting from 3 ns, the expam®f the plume in space is significantly
slowed down. Moreover, some of the particles/chssia the plume start to move down
toward the target surface although the shock weorg £ontinues to propagate out. This type
of backward movement of the plume is being studhedur group by further processing the
MD data of a wide spectrum of calculations. Frono3® ns, it is also observed that some

clusters/particles stop moving out. Instead, thegtfand mix with the ambient gas.

3.2 Atomic Velocity inside the Shock Wave
For shock waves generated in laser-material inieracvery little knowledge has
been obtained in the past about the average ateehcity distribution inside the shock
wave. This is probably due to the large experimetitéiculty in internal velocity probing.
Figure 3.2 shows the average velocity distributbdhe target materials and the gas for the
computational case discussed above. Several ititeyephenomena are noticed in the

internal velocity distribution, and are discussetblw.

In the figures at 0.025, 0.05, and 0.1 ns, a negatelocity wave is observed in the
solid target. This velocity wave moves to the batk®f the target. It is induced by the local
stress wave. This negative velocity is not the ll@teess wave propagation velocity, but is
related to the dislocation of the local atoms unither influence of the stress. When this
velocity wave reaches the backside of the targg@ist disappears and is not reflected back.
This is because in the simulation a stress-abspitaundary condition is applied on the left

boundary. When the stress wave is absorbed bgpleisial boundary condition, the net
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velocity of atoms disappears. This proves that #ipplied stress-absorbing boundary

condition works well to eliminate stress wave retfilen.

The initial velocity of the plume in the surfacei@n is positive due to ablation. If the
plume is able to induce a shock wave, its velogityst be much higher than the sound speed
of the background gas. The study depicts thataihyti(0.025 ns) the ejected plume
propagates with a supersonic front velocity sliglatbove 400 m/s which is about 3 times the
sound speed in the ambient gas (132 m/s at 50rK}hé initial snapshots it is clearly
discernible that solid atoms fly out from the tdrgéth high speed accompanying intense
phase explosion. The adjacent gas region is enyneoimpressed because the plume front
pushes with great impact on the surroundings, tieguin the formation of the highly
energetic shock wave. The shock wave front is direasible at 0.1 ns when the plume
transfers a large portion of its kinetic energythte shock wave, and both travel with an
enormous velocity around 350 m/s. It is importamtnbtice that a velocity discontinuity
exists at the plume/compressed gas interface. Thiphysically reasonable because
momentum and energy transfer occurs from the ejqutene to the generated shock wave at
the initial instant of time. A lot of gas atoms kaween pushed out quickly with analogy to a
supersonic piston. So the not-pushed or slightlshpd gas atoms stay behind the shock
wave front. This also gives rise to the non-uniforetocity distribution in the compressed

ambient gas, where the shock wave front featuesiximum speed.

At 0.2 ns the shock wave already gains the momemtuaxpand, whereas the plume

begins to decelerate. At this moment, the peakcitglof atoms in the compressed ambient
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gas is even higher than that of the plume. Dedsberaof the plume is induced by the
accumulated mass of the compressed ambient gash Wwhcomes comparable to the plume
mass. The slowdown effect by the ambient gas redteevelocity of the expansion plume.
It is interesting to notice that at the later stépbhappens that the velocity of the plume
becomes negative (2 to 5 ns). This means the phiants to move back to the target surface
and could re-combine with it. The accelerated desbkeck wave front propagates with a
sharp velocity peak, while the rarefied ‘tail’ umgees increasing scattering/diffusion with
the plume constituents. It is clearly visible tligiceleration and ‘quenching’ of the shock
wave front occurs due to the momentum loss to thtosary background gas. At 5 ns, the
atomic velocity inside the shock wave front is velyse to the sound velocity in the ambient

gas (132 m/s).

3.3 Effect of Laser Beam Absorption on Shock \Ave

In this work, the volumetric laser energy absomptioodel is incorporated into the
simulations. It de-emphasizes the details of lamaterial interaction in which quantum
mechanical effects need to be taken into accoure.time scale of laser energy absorption
(< 1 ps) is much smaller than the time scale aasettiwith the laser pulse. Therefore,
without knowing the details of laser material iatgtron, the thermal and mechanical effects,
as well as shock wave formation can be investigasag this absorption model (Wang and
Xu, 2002, 2003a,b; Wang, 2005). Here the resultsrotilation for optical absorption depth
of 5, 10, and 15 nm are presented, which reflectsattteof different volumetric absorption

of the laser beam.
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Figures 3.1a-c show the snapshots of the dynamig¢sewaolution of the propagating
shock wave for the same laser fluence of 3°J/mnd the same ambient pressure of 0.22
MPa, but with different absorption depths. It i®aly visible that the absorption depth
significantly affects the characteristics and gatien of the shock wave. The amount of
ablated material is an important parameter in lasaterial interaction. The specific rate of
the ablation is dependent on several factors imotu¢hser wavelength, laser fluence, and
moreover on the properties of the target mateki@son and Mank, 2001; Russbal, 2000,
2002). In the first case=5 nm (Fig. 3.1a) which has more shallow absorptepth, the
shock wave forms and propagates predictably im@neas has been already described in the
previous sections. Interesting and startling thiongsur when we increase the absorption
depth. Due to the longer absorption depth the lasam penetrates deeper inside the sample,
resulting in thicker material removal for that monass is ablated from a larger volumse
with lower velocity. As it can be seen in Fig. 3.0d= 10 nm case), a thin layer of target
material is ejected out and stays mainly on thempluront. As previously stated, the
background gas is extruded and pushed forward éyriich higher-density plume, leading
to a strong shock wave. Nanoclusters are alsolgigibthe “tail” region of the expanding
plume. Starting from 3 ns, it is very obvious tkttz¢ ablated thin layer starts to move back
toward the target surface. This motion is causedheyhigh pressure in the compressed
ambient gas, which prevents the nanoclusters/plisome moving out. Such phenomenon is

also observed in the case®f3 J/nf, =5 nm as discussed above.

Of special attention is the third case shown in Bidc. When the laser absorption

depth is too largel nm), the formation of the plume is hardly visibA the initial stages it
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is observed that a thin layer of film is ejected auittle bit (0.5 and 1 ns), and quite a large
bubble forms beneath the surface. But it seems thieatejected material has not gained
sufficient energy to overcome two forces: the attom force from the molten material, and
the restraint force from the ambient gas. Therefard ns it is being pushed back and at later
steps there are only a discernible minority ofipkes flying out. Although a shock wave has
formed, it has very low energy of propagation anid guickly diffusing in the ambient gas,

which can be noticed at 5 ns when the shock wanré frecomes very difficult to distinguish.

In order to establish a further understanding ef kinetics in the nanoscale shock
waves, their dynamic parameters are studied int gietail. Figure 3.3 is a juxtaposition of
the shock wave propagation velocity, the shock waeet position (Fig. 3.3a), as well as
mass velocity of atoms in the shock wave front (Bi@b), for three absorption depths. For
comparison and demonstration purposes, differenthM@aumber lines have been marked
(Fig. 3.3a), which are multiplications of the sowspmked of the ambient gas (132 m/s). The
shock wave thickness is the largest (n6 at 5 ns) for the=5 nm case. The mass velocity
of atoms in the shock wave front is determined &lgwdating the average velocity of atoms
in a thin layer (about 2 nm thick) close to the@hwave front. The propagation velocity of
the shock wave front is totally different from tivass velocity and is specified by using the
time derivative of shock wave front position. Fréig. 3.3 it is seen that at 5 ns, the shock
wave front still propagates with a Mach number dartpan 1. When the absorption depth is
smaller, the shock wave front propagates fagibis is because a shorter absorption depth
will result in a smaller amount of ablation, butthvihigher velocity, leading to a faster

movement of the shock wave front. For comparisoth viteratures, front propagation
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velocity (Fig. 3.3a) and the mass velocity of theck wave (Fig. 3.3b) are provided. The
theoretical velocity distributions in that plot drased on the theoretical equations taken from

(Zzhang and Gogos, 2004) as

VI A - ) PRI vt S (3.1)
a 2r \ p 2y (R

(3.2)

whereus andu,, are shock wave propagation and mass velocityeotisiely, M is the Mach
number,a is the speed of sound in the ambient gass the ambient pressure, apd 5/3 is
the ratio of specific heats for the ambient gasosEhequations use the pressogevhich is
the pressure of the shock wave front and its tistion is shown in Fig. 3.4. This pressure is

calculated based on our MD data using the follovaggation (Wang, 2005)

1 N
p, = pmmzw(z Pt NkaJ, m=1,2,or3 (3.3)

i
where AV is the volume of a small domain of interdgtthe Boltzmann constant, ardk, T
the pressure induced by the movement of atomschaeacteristic of velocity evolution is in
good agreement, despite some slight difference dmtwelocity profiles obtained from
literature equations and those obtained from MDugations. These deviations probably are
due to the statistical uncertainty in determinimg tshock wave front pressure and the
position of the shock wave front. Comparing Figa3and b concludes that the average mass
velocity of atoms in the shock wave front is alwdgss than the propagation speed of the

shock wave front. This is because the shock wawet fpropagation consists of two
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Figure 3.4 Shock wave front average pressure distribution versugre for three
absorption depths: 5 nm, 10 nm, and 15 nnE=3 J/in?, P = 0.22 MPa).

processes: one is the movement of atoms in thekshiage front, and the other one is the
process to entrain the stationary adjacent amigiastinto the shock wave front to make it
thicker. Therefore, the shock wave front propagei® always faster than the local mass

velocity of atoms.

Another great interesting kinetic parameter whick difficult to obtain
experimentally, but relatively easy to determinghwWD, is the thickness of the interaction
zone between the plume and background gas. Thaeigithe shock wave is comprised of
strongly compressed background gas and fast m@hurge. These two species initially will

have very little mixing, and will penetrate intochaother because of mass diffusion and
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relative movement. It is expected strong mixing V&ad to appreciable interaction between
them. Figure 3.5 illustrates how the thicknesshef interaction zone changes with time for

three different absorption depths.
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Figure 3.5 Interaction zone thickness between the target andeérambient gas for three
absorption depths: 5 nm, 10 nm, and 15 nnE=3 J/in?, P = 0.22 MPa).

The definition of the interaction zone thicknessswaetailed in Wang’'s previous paper

(Zhang and Wang, 2008) where it was designed ifail@ving form

N - Ng
L. = .5z 3.4
m J-|(nt +Ng i/2|2 4

of the target and gas atoms in a small layeMNrge: andNgas are the number of target and

gas atoms in a thin layer, respectively.
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Generally speaking, when the optical absorptionttdep smaller, the shock wave
features a much larger interaction zone betweepltimae and the ambient gas. This is due to
the faster movement of the plume, which makes ssjide for the plume atoms to penetrate
more into the ambient gas. In our past work, it hasn proven that the increase of the
interaction zone thickness is largely due to thatiree movement between the plume and gas
atoms (Zhang and Wang, 2008). ket 5 nm andz= 10 nm the thickness changes almost
linearly with time. In the situation when a thiryéda film is ejected, the density of the plume
front is large, but it does not allow penetratignscattered background gas constituents (
10 nm case). Therefore, only the small clusteripes in front of this layer mix with the
ambient gas molecules. This results in a relatmallinteraction zone between the plume
and background gas. For the casel5 nm it is predictable that the interaction zonelise

to saturation at very early stages owing to thekwess of the plume and the shock wave.

3.4 Effect of Ambient Pressure on Shock \We
Changing of the ambient pressure distinctly affeéletscontrolling parameters of the
plume characteristics such as spatial distributidaposition rate, and kinetic energy
distribution of the depositing species, which greaary due to plume scattering, attenuation,
and thermalization (Chrisey and Hubler, 1994). Feg8.6 displays snapshots of the spatial
plume and shock wave evolution under three diffeembient pressures. It is evident that
raising the background gas pressure results inedest®ck wave formation, greater strength,
and considerable sharpening of its front. In faxdrease in the ambient pressure strengthens
interpenetration collisions on the plume expangiont with the background gas. When the

pressure is 0.87 MPa, it is obvious that the pldioes not expand much to the space.
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Starting from 1 ns, the plume moves back to theidigurface. At 5 ns, only very little plume
is observed in space. Such back movement of theegls also observed for 0.22 MPa, but
happens much later (starting from 3.5 ns). Mucherume is ejected when the ambient
pressure is 0.22 MPa. Stronger forward movemenh@fplume in lower pressure is more

obvious when it is reduced to 0.051 MPa, under ilhe plume flies to the space as much

as 1.6um at 5 ns.

In order to extract more valuable information abihgt ambient pressure effect on the
shock wave dynamics, Fig. 3.7 is provided to illat& the shock wave propagation velocity,
the mass velocity of atoms in the shock wave frim, shock wave front position for three
background gas pressures (Fig. 3.7a), and shock Wwant average pressure distribution in
time (Fig. 3.7b). It can be inferred that the shaek/e forward-directed length is much larger
(around 3um at 5 ns) when the ambient pressure is lower {0NdBa), which is visible both
in Fig. 3.7a and in Fig. 3.6c¢. It is justifiableatithe shock wave expands further when the
pressure drops because the ambient gas constsaggansion less. Furthermore, the shock
wave propagation velocity becomes higher when thbient pressure declines and it can
reach an immense initial Mach number of 7 for 0.883a pressure (Fig. 3.7b). The reason is
that the shock wave expands more freely under lowient pressure, and gains higher
velocity in lower background pressure due to thss leollisional interaction between the gas

atoms trapped in the shock front and the ambiesit ga

It can also be observed that the shock wave slowown effect is stronger when

raising the ambient pressure. As the backgroundspre increases the shock wave front
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undergoes larger scattering and is more attenusatdshckground gas collisions. When the
ambient pressure is higher, the formed shock wawet features a much higher pressure,
initially close to 30 MPa under the ambient pressof 0.87 MPa. As the expansion
progresses, the velocity in the shock wave fromtioaes to decrease, the shock pressure is
reduced noticeably, and the shielded slower compuenpropagate to coalesce with the
slowed material on the contact plume front (Chrisey Hubler, 1994). This results in

increase of the interaction zone thickness whigréesented in Fig. 3.8.
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Figure 3.8 Interaction zone thickness between the target ande¢rambient gas for three
ambient pressures: 0.87 MPa, 0.22 MPa, 0.051 MP&%5 J/n?, z=5 nm).

In general, the mixing length (interaction zoneckhiess) is larger when the ambient
pressure declines. This is because of the higlenglpropagation velocity and consequently
higher recombination process of the plume constitiith shielded slower components of

the shock wave. Despite almost linear increasirgrastier of the mixing length at lower
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pressures (0.051 MPa and 0.22 MPa), very surprigimgys occur for the higher pressure
0.87 MPa. It looks like that the process of mixisgomehow interrupted at 1.5 ns. A closer
look at Fig. 3.6a reveals that at 1.5 ns, a largeumt of plume is pushed back to recombine
with the liquid surface. Therefore, this reduces ihteraction zone thickness between the
plume and the ambient gas. The increase of theattten zone thickness after 1.5 ns is
mainly attributed to the slow diffusion of the planspecies into the ambient gas. The
experimental work of the pressure influence onléser ablation process has been widely
covered in literatures (Chrisey and Hubler, 1994yildl et al, 2003: Eason, 2007). This
work shows sound agreement with the experimentsrims of the shock wave and plume

characteristics and behavior.

3.5 Comparison with Laser Material Interaction in Vacuum

For the purpose of comparison, the situation rediamithe plume expansion in a
vacuum is presented. This represents the extretnatisn of the pressure effect (zero
ambient pressure). The material plume expandsyfreelthe vacuum since there is no
medium to constrain its propagation. Figure 31®sillates the spatial plume development in a
vacuum combined with evolution of the target vetipalong thez direction for similar laser
ablation process parameters as previously applasér fluence of 5 J/fmand optical
absorption depth of 5 nm. It can be noticed thatftinthest flying out material particles can
reach a length range of 16n at 5 ns from the target surface. To be able timraso far
distance within an ultrashort period of time, theyst have very high velocity. As it can be
seen in Fig. 3.9, the fastest traveling plume camepts can achieve extremely high

expansion velocities near 3200 m/s, which appraaclusely the experimental velocity
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range for instance in Voevodat al. (2000).

Having shown knowledge of shock wave expansion ewvwlution it would be of
considerable significance to also gain an insight plume dynamics. Figure 3.10 displays
the position of the plume front at three backgropnessures and under vacuum conditions.

In this work, the plume front has been determinedhe basis of plume density.
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Figure 3.10 Position of the plume front E=5 J/n¥, z=5 nm) for three ambient pressures:
0.87 MPa, 0.22 MPa, 0.051 MPa and comparison with vacuum conditions. The inset in
the figure shows position-time plots of the luminous front othe aluminum plume

produced at different background air pressures taken from Harihl et al. (2003).

When scanning layer by layer from the top of thieol® domain it will encounter the
increasing number of ejectants from the target natdy selecting the criterion (dependent
on the specific case since the number of atomdume front will vary when the ambient

condition changes) the position of the plume froah be determined. It is visible that
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apparent difference arises between plume exparisioracuum and in the presence of
ambient gas. The plume front in vacuum rises vasy in comparison to the cases of ambient
pressure, indicating linear free expansion in vatu@n the other hand, as the pressure of
the ambient gas increases, the plume becomes mstrained which results in reduction of
the effective length of the plume. These resultewsta perceivable analogy to the
experimental outcomes described by Har#galal. (2003) for nanosecond laser-material
interaction (Nd:YAG laser, 8 ns pulse width). Theset in Fig. 3.10 may serve for
comparison purpose. Although this work’s simulateamditions differ from those of Harilal
et al. (2003) in time scale and material, close agreelsestiserved between them in plume’s
propagation trend considering the effect of ambienéssure. Evidently, the plume
development using MD simulations is not complete thuthe high computational cost and
can be tracked only up to a few nanoseconds. Hawewmilarity at the early stage of
evolution can be attributed, when comparing B+€.051 MPa curve with the experimental
curve at 100 Torr (0.015 MPa), the closest pressanglition, where one can quickly notice
the apparent, and expected for later times, anakgehavior. Moreover, even though the
timescale in MD simulation is three-order smalleairt that in experiment using nanosecond
laser, the reported dynamic evolution of shock waxeveals the early stage physics for

shock wave formation and evolution in picosecosgianaterial interaction.

For pressure 0.051 MPa the plume expands invaritdylyard from the surface
within the computational time, which can be obsdrireFig. 3.10 or in Fig. 3.6¢c. When the
background gas pressure increases the strong slanek stops the movement of plume and

makes it move toward the target surface. As thenplexpands, the counteraction of the
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higher pressure ambient gas increases and thectmudace slows down, resulting in
backward motion. This is observed for the backgdogas pressure of 0.87 MPa and 0.22
MPa in Fig. 3.10. For the ambient gas pressure2#f MPa the plume starts being pushed to
the surface at 3.5 ns. Very perceivable backwardement is observed for the case with the
highest ambient pressure (0.87 MPa). Just aftend the plume is mercilessly knocked back
and recombines with the target surface. The pluraekward motion can lead to
intensification of the surface redeposition procéssobserved in experiments (Singh, 2005),
the mass of the redeposited debris goes up witlkease in the background pressure. This is
because for a higher pressure, the entrapmenegdatiicles is stronger due to the higher gas
density, consequently dragging more ablated mads tioathe target surface. As long as the
backward movement of plume makes it to redeposittten target surface, a series of
thermodynamic processes will occur (e.g., condemsaand solidification). The local
temperature and pressure play important roleseselprocesses. Further study is underway

to investigate the phase change after plume redepos

3.6 Effect of Laser Fluence on Shock Wave
In laser ablation process it is important to effitly ablate material without excessive
overheating and melting of the sample. The fathad for different materials there exists a
certain level of laser energy often called as aghold fluence of ablation, above which the
material is expelled from the target surface. Witbreased irradiance above the ablation
threshold, the ejected plume becomes more intemdehee generated shock wave becomes
stronger. In this work, dependence of the ablapmtess on the laser fluence is shown on

the basis of three laser energy levels: 3, 5, ahdf’when=5 nm, and®=0.22 MPa. The
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atomic positions and dynamics of plume and shockeveaolution are presented in Fig. 3.11.
Figure 3.12 shows the velocity (Fig. 3.12a) andsguee evolution (Fig. 3.12b) at the shock
wave front for the scenarios shown in Fig. 3.1JonkiFigure 3.11 it is observed that with
increasing laser energy input, the plume become® moiform with fewer large particles
ablated out. When the laser fluence is highernthagerial is ablated out suddenly in a more
concentrated time, leading to a more concentrateohe front. More distant shock wave
propagation is visible when the laser fluence ghér (Figs. 3.11 and 3.12a). Furthermore, a
higher shock wave propagation velocity and prestur@ J/nf case indicates that the larger
amount of laser energy generates a much strongek shiave (Figs. 3.11 and 3.12). The
interaction zone thickness also increases wheratier fluence is increased. This is due to

greater relative movement of the plume and gascpest(Fig. 3.13).

400 L L L

Interaction zone thickness (nm)
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Figure 3.13 Interaction zone thickness between the target and the &mant gas for three
laser fluences: 3 J/m, 5 J/n¥, 7 J/nt (P = 0.22 MPa,7z=5 nm).
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It can also be inferred that, the higher laser @@sergies cause an increase in the ablated
mass, additionally resulting in a larger materigptth removed. That occurrence is presented
experimentally in work by Mason and Mank (2001) fingh et al. (2005) with close
agreement with our results. Related analysis ofctiraposition and density of the ejected
plume on the laser fluence dependence has beenratsmtly performed using MD
simulations (Zhigileiet al, 2003). For applied fluences range the resultainbtl here and

observations are correspondingly reasonable.
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4. SECONDARY SHOCK WAVE IN LASER MATERIAL INTERACTON

The atomic position with evolution and propagatmfnthe primary and secondary
shock waves in the background gas is presentedginrdEL. Additionally, the velocity and
pressure distributions are also superimposed infithare for ease of discussion. At the first
of displayed pictures, one of the initial stageshaf process is shown at 0.2 ns. As it can be
seen the main/primary shock wave front is alreamynéd and is characterized by the high
pressure (around 21 MPa) and velocity almost 3githe speed of sound (around 390 m/s).
The plume at this stage is propagating forward withersonic velocity, having been ejected
from the target surface after application of theetaenergy pulse. An important occurrence
starts to happen at 0.5 ns when the velocity ofplnene front has a substantial decrease.
Because of the ambient gas high pressure, the plmaergoes volumetric confinement, and
in result is being bounced back. The interpretatibthis harsh volumetric constraint is the
extremely high pressure gradient from the compreasabient gas front to the target surface.
While the shock wave front expands further, them@ustarts to move backward heading to
the surface, which is justified by the negativeoedl of target material at 1 ns. The same
trend of the velocity is still visible at 1.5 nspwever with significant difference in the
behavior of the adjacent gas molecules. Due td#okward motion of the plume material,
the under-pressure zone created in vicinity ofplnene front (right side) results in suction of
the ambient gas atoms, with analogy to the retrgcthovement of the ultrafast piston.
Therefore, the sucked background gas moleculedearey dragged to the target surface,
leading to the change in the velocity directiorb(ds). At this moment, a negative velocity at

the rear of the background gas is observed. Atthenfarge amount of the plume particle
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cloud is already pushed back where it recombinés thie liquid surface, and the velocity of
the plume becomes almost zero. In contrast, aéielgldragged toward the target surface, the
ambient gas is reflected from it and begins to pgape in the direction leaving the material
surface, ultimately forming the secondary shockavat 3 ns, this internal shock wave front
is fully discernible, and it is marked (as well @s4 and 5 ns) in order to improve visual
detection, since it is rather weak due to the gfrdissipation. At 5 ns its velocity does not
exceed the value of 50 m/s, meaning it moves al@dshes slower in comparison with the
main shock wave front. Although, in Fig. 4.1 thea®dary shock wave is practically hard to
observe in the atomic configuration due to its weatdength, it is clearly visible in the
velocity and pressure distribution enclosed, wiarie front of the secondary shockwave, a
peak of the pressure and velocity is very visiBienilar behavior has been observed in TOF
measurements for various plume species analyzetidss spectroscopy (Bulgaket al,
1996), and successful attempt of modeling has Ipeeformed by the gas dynamic model
(Bulgakov and Bulgakova, 1995). These results stemarkable good agreement with those
scientific output on the velocity and pressure ribstion, despite the difference of the

inspected materials and slight disparity in thesgal

In order to have a better understanding of the retemy shock wave formation and
evolution, it is necessary to analyze its genenafitom the bulk mass and thermal point of
view. For this reason, Fig. 4.2 is provided to prastime sequence of the density and
temperature profile along thedirection. As can be seen the shock wave fronsitieand

temperature is the highest at the initial stages wucompression. At 0.2 and 0.5 ns, as



4 350
L I B e m o oo e e e e e e e e e L e e | T T T o
- - target material density 0.2 ns 300 6
% T b k d 250 2
i ackground gas
— 2 temperature 200 g
‘t' target material temperature b ul\ground 150 3‘
7 100 =
= 1
Z : 50 E
200 250 300 350 400 450 500 550 600
7 (nm)
"This del{sit}'lpeal'{ at the front of the piume! dis;1ppelars I Q
"T at 1.5 ns due to the backward movement of the plume :
E g
17 =
g s
~ P T , A iy — B~
200 300 400 500 600 700 800
200 g
—~ S
"-E 150
= 100 ~§
£ : =
17 =
50
g s
200 300 400 300 600 700 800 900 1000
7 (nm)
2.5 150
] l‘. [ ¢ g
"T 2 Shatetafe., t . . -~
. : o a-.s-ﬁpw!ﬂ' 100 &
.I.S 2 o * L - ':‘ aee E
R o ﬁ . I. -
£ 1 &y 50 2
E =
5 0.5 g
0 , . R , . . , . , 0 =
200 300 400 500 600 700 800 900 1000 1100 1200

z (nm)

Figure 4.2 Evolution of density and temperature distribution along he z direction at
different times (E=5 J/n?, =5 nm, P=0.87 MPa). Red color: target material density; blue
color: background gas density; green color: target material temerature; violet color:

background gas temperature.

70



- ()

-

Density

- ()

-

Density

- ()

-

Density

- ()

-

Density

100

600 800
2 (nm)

1000

1200

1400

T T T T
density jump at the front
of the secondary shock wave

800 1000 1200
2 (nm)

1400 1600 1800

120

80
40
density jump at the front of
. . the seconldary shocklwave | | 0
200 400 600 800 1000 1200 1400 1600 1800 2000
7 (nm)
3 120

L, density jump at the front
. of the secondary shock wave |

30

300

M 1
1000 1200 1400 1600
7 (nm)

Figure 4.2 Continued.

1800 2000 22

I )
00 2400

Temperature (K) Temperature (K) Temperature (K)

Temperature (K)

71



72
indicated in the figure, there is a density pealthat front of the plume. Due to the high
pressure gradient, the plume front is forced to enback toward the target surface. Such
backward movement of the plume quickly reducesdéesity peak, which disappears at 1.5
ns. As we described based on Fig. 4.1, some oarii@ent gas is also pushed back toward
the target surface. Since the ambient gas molecalesot coalesce with the target surface,
they are reflected and the gaseous cloud inducesfdimation of a second shock
compression. As marked in figures of 3~5 ns, thera density jump at the front of the
secondary shock wave, which is a direct consequehtee reflected background gas from
the target surface. Such density jump justifies dhistence of the secondary shock wave.
During propagation this internal shock front keepdistribution width of several mean free
paths (5 ns). Likewise, backward motion of the tdulaparticles was observed in several
experiments by TOF spectroscopy or time resolveaing (Leboeutt al, 1996; Harilalet

al., 2003; Singtet al, 2005) providing considerable close agreemerit thits result.

In Fig. 4.2 it is observed that at the front of thain/primary shock wave, there is a
significant temperature jump. On the other hands ihoteworthy that at the front of the
secondary shock wave, the temperature jump is wegk, almost negligible. For the
primary shock wave, its front temperature expemsnguick dissipation, from 250 K at 0.2
ns to 80 K at 5 ns. In opposite, the temperatuth@fambient gas in the rear region (close to
the target surface) has very slow dissipation smxstationary low temperature background

gas is in contact with it.
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5. PLUME SPLITTING IN LASER MATERIAL INTERACITON UNDER THE

INFLUENCE OF SHOCK WAVE

In this chapter, work is focused on the physicakpss during the early stage of laser
ablated plume propagation (up to 2 ns). In figurg, Bhe spatial evolution of the plume
through the background gas at different times iss@nted. The combined pressure
distribution with generated processes in the ambgas is imposed to account for the
interpretation of the splitting effect. As can batioed the highest pressure in the system is
generated at the front of the produced shock widegever, not the compelling shock wave
characteristics, but primarily the intriguing presss gradient across the plume material is the
aspect of concern in here. At initial expansiorgeta the ejected material consists of very
high pressure gradient in the front of the plume2 (@s), which later on attenuates
significantly due to the dissipation with the baakgnd gas. On the other hand the pressure
gradient in the plume’s tail region is not so stesep afterwards becomes rather uniform.
Although the pressure carries lots of valuable rmiation, the plume splitting explanation
must be linked simultaneously with the velocity atehsity profiles. In contrast to Fig. 5.1,
figure 5.2 shows the target atoms transport intth@ peak regions, which corresponds to

temporal evolution dynamics of the plume up to 2 ns

The plume splitting effect is perceptible with th@mation of clear twin-peak
behavior in the plume velocity profile (0.5~2 ngpt us move to the elucidating of the
reason of plume splitting whose configuration mecsra has to be recognized from the

early time steps. The question is: Where do thenatwithin the two peaks of velocity
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Figure 5.1 Snapshots of atomic positions combined with the prese distribution in the z
direction (E=7 J/n?, =5 nm, P=0.22 MPa). Blue color: pressure; black dots: target

atoms; red dots: ambient gas atoms.

distribution come from? The track the history ot atoms has been performed, and found
that the atoms in the front peak (Peak#) 1 ns) come from the front of the plume at 0.2 ns.

The second peak (Peak Il) at 1 ns correspondtosathat are ejected having slower initial
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velocity at 0.2 ns. In figure 5.2, the black dapnresent the atoms flying out slowly at 0.2 ns,
and the violet dots are the fast atoms in the fafnthe plume. The atoms in these two
regions (region A and B) are marked in the insethim figure at 0.2 ns in figure 5.1. The
evolution of the velocity in the regions of interean be explained inclusive of the pressure
distribution shown in figure 5.1 in order to jugtithe formation of plume splitting. Upon
laser irradiation, phase explosion will take platbe faster ejected particles (monomers,
dimers, and smaller particles) quickly move out arteract with the ambient gas and feel the
strong constraint from the ambience. These atomms Region A (marked in figures 5.1 and
5.2). As shown in figure 5.1, in that zone, thexa@ivery steep pressure gradient due to the
strong constraint of the ambient gas. This largessure gradient plays a critical role in
slowing down the atoms in Region A. This velocigcdleration can be viewed clearly in
figure 5.2. The velocity of atoms in the front bétplume zone reduces from the level of 500

m/s at 0.2 ns down to less than 100 m/s at 2 ns.

In the phase explosion vicinity section, at thdyetames (0.2 ns), on the contrary, the
larger particles have lower velocity and are |efind in the tail of the plume (Region B), as
shown in figure 5.1. In that zone the pressure igrads very small (almost flat pressure
distribution). Therefore, the atoms in Region B exgnce much less deceleration. In fact,
since some particles still have phase change (izgtiom) and their velocity is picking up
from less than 100 m/s at 0.2 ns to more than 280at0.5 ns. The deceleration of Region A
and acceleration of Region B give strong contriutio the formation of plume splitting,
which emerges starting from around 0.5 ns. At 2tns,found most of the atoms in Region

B have moved quite close to the ambient gas andudlecity reduces to less than 100 m/s.
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It is pertinent to notice that the double peak dgriermation of the plume can be observed
at very early expansion times (0.2 ns in Fig. 3i2% believed that this occurrence is not just
coincidence but it brings significant impact to timechanism of the plume splitting. The
leading density peak (Region A) characterizes thbdst content of the atoms and is located
in the front of the plume. During the plume expansit retains its peak looking shape but
‘snowplowing’ of the background gas causes to dishirand broaden it. The other density
peak initially being adjacent to the target surf@@egion B), spreads over in the plume’s
shroud and exhibits sporadically spikes indicaipgearance of nanoclusters (for example at

2 nsin Fig. 5.2).

The plume velocity decay can also be viewed claarfigure 5.3, where velocities of
atoms in both peaks are presented against timeseTberves represent the average atom
velocity from regions belonging to each peak. As oan perceive the plume splitting starts
at 0.5 ns. Both velocity peaks decelerate verykdgyiftom about 280 m/s at 0.5 ns to about
100 m/s and 50 m/s for peak Il and peak |, respelsti(2 ns). The moment when the split
starts to appear can be also discerned from theagetion position of peak location (figure
5.3). While peak | moves out with time, peak Il apps almost as a standing wave, showing
little change of its location against time. Thisciearly shown in Figs. 5.2 and 5.3. Such
phenomenon holds on for about 1.5 ns during ouulsiion. Such standing-wave feature of
Peak Il is due to the strong relaxation of largetiplas/clusters and atoms in the plume.
Similar velocity behavior has also been observeth@éprominent computational study by
Amorusoet al. (2006) at pressure of 70 Pa. The plume splitting Also been observed

experimentally in the vacuum (Bulgakov and BulgakalQ95; Harilakt al, 2002). It seems
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that the phenomenon is more general in laser naaiateraction regime. It may indicate that
the photomechanical effects with thermal desorptimeelting, overheating and explosive
boiling processes of the irradiated material playportant role in formation of fast atomic

plume followed by a slower plume of aggregates.
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Figure 5.3 Evolution of the position and the average atomic velocity withithe two peaks.

The dependence of plume splitting on backgroundpgessure and laser fluence has
been studied as well in this simulation. It is fduthe plume penetration depth into the
background gas decreases when the ambient pressugber. When the ambient pressure is
increased, the plume expansion dynamics along @xgfansion velocities of the peaks are
strongly affected by the interaction with the backod gas and the plume stopping occurs at
progressively earlier times and shorter distanoa®s the target surface. The plume splitting

is clearly observable but occurs much earlier anohuich closer to the target surface under
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the ambient pressure 0.87 MPa, whereas for 0.054 i plume with vague splitting occurs

spatially at a longer distance from the target geaerally later in time.

The evolution from single-peaked to double-peakiednp has been investigated for
two other laser fluences: 3 and 5 /By increasing the irradiation level we observat tine
plume propagation under higher fluences become® ranergetic and the plume splitting
and plume sharpening is more noticeable. For iaram in value of 3 J/the splitting effect
is barely distinguishable and it occurs few tenshef picoseconds later than for 5 3/on 7
JInf. Under the fluence 5 Jfrthe produced splitting of plume can be clearlyiceat.
Generally speaking, one can observe the apparemd of the earlier occurrence of plume
splitting when increasing the laser irradiance.alrtarge extent, since higher laser fluence
results in more energetic particle formation, teévity of those atoms and by that the peaks

velocities are respectfully higher when increaghmgfluence.
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6. CONCLUSIONS

6.1 Summary and Conclusions
In this work, thermal and thermophysical phenomieiluced by single picosecond

laser pulse irradiation in the presence of backguayas were studied using MD simulations.

For laser material interaction, the dynamics, maéstructure, and evolution of shock
waves were studied while emphasis was placed oefteet of the laser absorption depth,
ambient pressure, and laser fluence. The study ethothat the initial shock wave
propagation velocity can reach an enormous valogecto 7 Mach, and the initial pressure
can go even over 25 MPa. The MD results on shockevmopagation and mass velocity
were in sound agreement with the theoretical pteatic demonstrating the validity of MD
approach for studying shock waves in laser-materiataction. At the interface between the
plume and the compressed ambient gas, a velod@tpuiinuity was observed. Owing to the
strong constraint from the compressed ambient igakte stage the ablated plume either
stopped moving forward and mixed with the ambiead, @r moved backward to the target
surface, leading to surface debris redepositiowds found that smaller laser absorption
depth, lower ambient pressure, or higher lasemfiaewill lead to stronger shock waves,
which were featured with faster propagation in gpand thicker interaction zone between

the target and ambient gas.

Furthermore for picosecond laser ablation procélss, secondary shock wave

formation in a relatively high pressure backgrowas environment was investigated. The
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primary shock wave evolution and especially reftactphenomenon of the internal shock
front from the substrate was uniquely explored atascale, giving forerun insight in its
thermophysical and dynamical properties. It is fibtime significant pressure gradient inside
the shock wave pushed the plume and some of thatgass in the rarefield to move back
toward the target surface. The plume clusters pasited on the target surface while the
ambient gas atoms were reflected back, leadindn@osecondary shock wave. Within the
secondary shock wave range, the gas has relatigiher pressure, velocity, and density, but
somewhat less rise of temperature. It is conclugiaethe strong pressure gradient inside the
main shock wave overcomes the forward momenturheoptume and some compressed gas,
which leads to backward movement and re-deposiiorthe target surface. In result of
ambient gas backward movement and reflection fioentarget surface, the secondary shock

wave is formed.

Also for laser material interaction up to 2 ns, feysics of plume splitting was
studied. Detailed atoms track allows to specifickdbk into the behavior of atoms within the
peaks and reveals the mechanisms of peak formatlmobserved plume velocity splitting
came from two distinguished parts of the plume. ffbet peak of the plume came from the
faster moving atoms and smaller particles duringetanaterial ablation. This region
experienced strong constraint from the ambientag@ashad strong velocity attenuation. The
second (rear) peak of the plume velocity origindtedh the larger clusters in laser-material
ablation. These larger clusters/particles move@astaand experienced very little constraint,
eventually picked up their velocity during the gaslolution. At the very beginning of laser-

ablation, two density peaks emerged and quicklppbeared due to the spread-out of the
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slower moving part. While the front peak propagated against time, the second peak
behaved as a standing wave and did not propagateather had a little trend towards the
target surface. When the ambient pressure wasasede the plume splitting happened much
earlier and occurred at a distance closer to thgetesurface. However when the ambient
pressure was reduced, the plume splitting becanad wed barely visible. Under stronger

laser fluence irradiation, the plume splitting viilippen earlier.

6.2 Contributions and Recommendations for Future Work

The fundamental information which consists of tfissertation’s contents is essential
for achieving a detailed understanding of the ptsyf shock waves in laser material
interaction processes. It contributes to betterewstdnding the phenomena occurring in early
stages of laser ablation up to 5 ns. It needs teobed this is the first study of shock wave in
laser-material interaction at the atomic level.sThtomic level study reveals very critical
phenomena of shock waves in laser-material interacsuch as plume-back ground gas
mass penetration, atomic velocity distribution diesthe shock wave front, and the evolution

of the plume in the background gas. Such infornmai@s never been obtained in the past.

The MD simulations were used to study the subjEce FORTRAN code has been
developed with application of the parallel compiotat | was a successive contributor in
development and modifications to this code. Many parameters were derived and had to
be computed such as atomic velocity inside the lsin@re, front propagation velocity, and
mixing length parameter between expanding plumesimdud of propagating shock wave,

which are very hard to obtain experimentally. Nunoesrsimulation cases were conducted to
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show the influence of external factors on the psees during laser material interaction.
Notably, how ambient gas pressure, laser fluenue |aser absorption depth affects the laser
material interaction was investigated. The validify the approach and results has been
verified previously in theoretical and experimeniiggrature. It is demonstrated that MD
technique is relatively fast and robust enoughddgosm accurate laser-material interaction

simulations, especially for nano shock waves.

The reported results are designed to study thky steige shock wave dynamic,
formation of the internal shock wave and plume’sytiar behavior rather than to recover an
experimental condition. Laser-argon crystal intBoscwas studied which is different from
the commonly used materials such as copper, silieorcarbon. The laser type and
wavelength has not been specified. However the laiions were framed in the way that

laser beam can resemble universal situation ober material interaction.

The meritorious significance of this study comeghwbroad purpose for the
optimization of the experiments and itself can sefor controlling the laser material
interaction process, optimizing the efficiency afsér assisted micro-machining, and
minimizing the laser induced material damage. Meeeounprecedented results can serve in
improving our understanding of molecular energysfar processes and new presented

findings successfully resulted in journal publioas and conference paper.

In addition to the research conducted in this wdtkther investigation in laser

material interaction and resulting physical phenoaeequires to be performed.
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Due to the immense progress in development ofuttrefast laser technology, and
increasing application of this technique in recgears, femtosecond laser pulse duration
should be investigated. The shorter time of therlagam creates totally different processes
when interacting with matter. The electrostaticatibh takes significant portion of the
conventional thermal evaporation causing additioc@inplexity in ongoing phenomena.
Alike, the processes for nanosecond laser impulssuld be studied for comparison

purposes.

For the deposition of thin films it is necessarycontrol the composition of the laser
produced plume. Plumes containing macroscopicgbestiand liquid droplet result in a poor
quality deposited films. When, the plume cloudjected, nanoparticles very often combine
and form nanoclusters as well as source of thedidroplets in the plume is condensation of
vapor during expansion. The process of solidifmatand condensation of these species

should be studied and the way how the shock wdlieeimces their creation.

Another very important occurrence in laser maltemderaction is melting and
consecutive stress development in the target steictt deserves more attention how the
shock wave affects these processes and it woulaf beliberate significance to pursue the

investigation to that subject.
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