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Abstract

This thesis discusses the dynamics of the confined laser induced/ablative plasmas and
shock waves visualized through shadowgraphy technique to understand and develop a
nano-second laser based milli-meter (mm) sized shock tube. The downscaling of the
shock wave effects such as pressure, velocity attenuation during propagation, laminar
and turbulence flow from macroscopic to mm or micro range, requires a proper extensive
study to balance the interplay between the down scaling of the shock waves to mm size and
maintaining the shock wave properties. This can be achieved by studying the enhancement
of the plasma and shock wave properties in different confined geometries. Based on the
experimental geometry used for plasma confinement, the confinement methods can be
divided into two categories, (a) Axial confinement (b) Lateral or spatial confinement.
In axial confinement, the plasma source is confined by a fluid (liquid/plasma/gas) or
solid (glass) confining layer along laser propagation axis. The collision dynamics of the
two counter propagating laser induced plasmas (S1 and S2) and shock waves in ambient
air revealed the effect of the separation distance (d) between the confining plasma and
confining medium (another plasma as fluid confinement). Here, the plasma source S2
is used as the temporally expanding fluid confining medium, which confines the plasma
source S1 generated with 25 mJ laser energy. This study also helps to understand the
effect of the relative impedance of the confining plasma and fluid confining medium with
different impedances (Z = pUs,) along with the effect of separation distance between
two plasma sources (S1 and S2). The results showed that, when the two laser pulses
are focused with d < 2 mm separation distance, both the plasma sources were merged
into a single colliding plasma source which lead to the increment in plasma and shock
wave properties. For d > 2 mm, we have observed the plasma jetlet formation in the
source S1 due to the impedance mismatch between S1 and S2 plasma sources, along with
a stagnation layer at the interaction zone.

The evolution dynamics of the laser induced blow off shock waves (LIBO SWs) in ambient
air from metal films (Al, Cu, Ti) and polymer films (PVA, Au doped PVA) confined with
glass (BK-T7) substrate, revealed that the efficient blow off the shock waves can be achieved
for optimal laser input energy by varying focusing conditions. This has resulted in the
efficient coupling of the laser energy to the target material. In this study, we have shown
that the efficient laser energy coupling to the target material can be achieved by precisely
shifting the laser focal plane around the interface. This study also useful in understanding

the effect of the relative impedance between target and confining metal layer on the blow



off shock wave properties. The results showed that the PVA and AuPVA polymers gave
higher LIBO SWs than Al (20 pm), Cu (20 pm) foils by shifting the focal plane to
F2 (2 mm) focusing condition with an optimal 50 mJ laser input energy. The study
of the spatial confinement of the air plasma inside mm size tubes (with 4.7 to 13 mm
tube diameters) revealed the inter-dependency and interaction of the plasma and shock
waves, which highly depend on the input laser energy and tube aspect ratio (L/D). In
spatial confinement of air plasma, the reflected radial /transverse shock waves compression
increased the plasma properties such as plasma length, plasma life time, plasma number
density and plasma temperature. The squeezing of the air plasma forced out the plasma
mass density which increased the axial shock wave position i.e., its velocity. This study
also helped us to understand the air plasma generated shock wave propagation inside mm
sized tubes and the effect of spatial confinement on axial shock wave propagation.

Finally, this work also investigated the shock wave propagation inside transparent solid
material, which will be helpful to understand the Laser Shock Peening (LSP) process.
The dynamics of the temporal evolution of the laser induced/ablative shock waves inside
a transparent dielectric material, BK-7 glass slab is used to understand the effects of
both the axial confinement and spatial confinement on the shock wave propagating inside
a transparent solid material. The axial confinement of shock waves is achieved using an
overlay of 20 um Al/Cu foils, while the dimensions of BK-7 glass have provided the spatial
confinement to shock waves launched and propagated inside BK-7 glass slab. The results
showed that, the shifting of the laser beam focal plane from F0 to F2 (6 mm) focusing
condition enhanced (around 0.6 - 2.2 km/s) the shock wave velocities inside the BK-7
glass due to the 20 pm Al foil confinement of the BK-7 glass, but it has not affected for
the 20 pm Cu foil confinement of the BK-7 glass. The energy dependence study on the
shock wave propagation inside BK-7 glass revealed that, the enhancement of the shock
wave inside BK-7 glass greatly depends on the relative acoustic impedance of the confining
layer (20 pm Al and Cu thin foils) and BK-7 glass as well as on the laser energy density
in the focal volume at the interface. Future roadmap for the development of nano-second
laser based micro shock tubes with optimal input laser energies, better laser focusing
conditions, selection of confining layer material and aspect ratio (L/D) of the tube based

on the thesis is proposed.
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Chapter

Introduction

When a target material is irradiated by a ns laser pulse with an intensity greater than the
break down threshold (~ GW/cm? for many metals), the laser radiation is absorbed by the
material results in heating, melting and vaporization, thus creating the material plasma.
This process occurs at very fast rate than the adiabatic expansion of the ablated material
due to laser pulse (ns) interaction. The properties of the plasma generated depends on
(a) laser parameters such as wavelength, polarization, pulse width, pulse duration, pulse
shape, focusing spot size & shape and intensity etc. (b) target material properties such as
composition, density, geometry, atomic weight, surface reflectivity, conductivity, elasticity
and compressibility etc. (c) an efficient coupling of laser energy to the target material
and (d) influence of the external environment [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13].
The plasma formation due to the laser ablation of the target material can be divided into
three stages [13, 14]:

o Laser-matter interaction: when leading edge of laser pulse incident on target
material, a fraction of laser pulse is reflected from the material surface (following
Fresnel laws) and remaining fraction of pulse penetrates the surface within the skin
depth. The absorbed pulse energy is converted into material internal energy (inside
material) and hot vapour cloud (consisting of ions, electrons and neutrals of the
composition) of material is formed (outside material). The internal energy of the
material partially converts into the kinetic energy of the ablated material particles.
The distance over which a laser pulse penetrates into the target material is known
as skin depth (9) of the material and it it expressed as [10, 14, 15]:

5— (wfwf (1.1)

where w is the angular frequency of laser, p is the magnetic permeability of free-
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space and o is the conductivity of the material. For a nano second laser of 1064 nm
wavelength, the skin depth is about ~ 10 nm in the case of Al target. Within the
skin depth, laser radiation is absorbed by free electrons of material through different
processes like: photo-absorption, single photon photo-ionization and multi-photon
ionization. The energy absorbed by the free electrons transfer their energy into the
bulk material through heat transfer mechanism that depends on the heat penetration
depth (Ly,) is given by [10, 14, 15]:

N|=

L, ~ (2D71) (1.2)

Where D is the heat diffusion coefficient; D = p%, k is the thermal conductivity, p
is the mass density, C is the specific heat capacity and 77, is the laser pulse duration.
For nanosecond (ns) laser pulse the heat penetration depth is ~ 1 um which is much
greater than the skin depth (0). Hence, for short (ns) laser pulse the incident pulse
energy is thermally transferred from the surface of the material at skin depth into
the bulk material. As a result, the material phase changes from initial solid state to
liquid and vapour states. Due to this heat conduction, the thermal stress is induced
into the bulk material leading to micro cracks and heat-affected zone (HAZ) (as
shown in Figure 1.1) [2]. In case of ultra short (pico second (ps) and femto second
(fs)) laser pulses, the material undergoes solid phase to vapour state directly due
the high intensity and heat penetration depth is almost equal to the skin depth of
the material. Hence, the thermal conduction into the material is almost zero or

negligible for ultra short laser pulses (ps, fs) [2].

E N

Rci?}:lgaﬁt:d I W <«<— ns Laser Pulses

Dictris s * +— Droplets

«* R
%o oo
. ;]

Micro cracks

/' Molten matter

Heat affected
zone (HAZ)

Figure. 1.1 Schematic of nano second laser ablation of solid material (Ref.[2])

In short pulse laser ablation, the material removal rate exceeds one-tenth of a single

layer per pulse (typically) which alters the surface composition at the surface. If
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material particles (in the form of ions, electrons and neutrals) are ejected from the
surface but there is no detectable change in the surface composition, it is known as
laser-induced desorption. During short pulse ablation, in the process of phase change
of solid material, vaporization stage requires much more energy than the melting
stage. The evaporation of the material occurs when the energy stored in the bulk
material (up to L¢y,) per unit volume exceeds the latent heat of evaporation per unit
volume. The ablation depth (Dgpiation), 0f the evaporated material approximately
calculated using [14, 15]

AS(FL - Fth)

. (1.3)

Dablation ~

Where A, is the surface absorption coefficient of material, F}, is the laser fluence,
Fy, is the break-down threshold fluence of material and L, is the latent heat of the
material. The threshold fluence required to ablate the material to a depth Ly, (heat
penetration depth) is given by [15]:

pCATmLth

Fo ~
th A

(1.4)

where AT,, is the difference between melting temperature and initial temperature of
the material. The threshold fluence mainly depends on the square root of the laser
pulse width (F}, o< 7,%/?) which in turns can be converted to breakdown intensity
Ly, (W/em?) of the material. The typical breakdown threshold intensity values for
most of solids is in the range of 10% — 10197 /cm? which is less than the ambient air
breakdown threshold range 10'° — 10'1W/em? [10]. For pure aluminium target, the
breakdown threshold is ~ 1.75x 108W /cm? [14, 16].

Laser-plasma interaction: After the formation of the plasma on the target surface
due to the leading edge, the remaining part of the laser pulse will interact with the
plasma leading to more absorption of energy and further excitations of the atoms
and ions occurs. At the same time, rapid expansion of the plasma also takes place.
In laser-plasma interactions, the main absorption processes are: photo-ionization
and inverse Bremsstrahlung.

In photo-ionization (PI), the absorbed photons will excite and liberate a bound

electron within an atom and has an absorption coefficient ap; given by [13, 14, 15]:

(en)?
() ny (1.5)

where op; is photo-ionization cross section ( in the order of ~ 1077 em?), hv

apr(em™) = opmy =~ 22.9 x 10717
N

is the photon energy (eV), ey is the ionization energy (in eV) and ny number
density (cm™3) of excited species in state N and the summation is over all bound

states N that satisfies the condition hv > ey. In inverse Bremsstrahlung (IB), the

3
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absorption of incident photons takes place by free electrons in the vicinity of an ion.
As photo-ionization increases the electron density inside plasma; the free electrons
are further excited by the inverse Bremsstrahlung absorption process. The inverse
Bremsstrahlung (IB) absorption coefficient (ayp) is given by [14, 15]:

4,21 Z%eb cv

4 g (1 — exp(— 1.6
3(3kBTe hcmg/ngn n gff( 6xp( kBTe)) ( )

arp = 01BN =

Where o;p is the inverse Bremsstrahlung cross section, n; and n. are the ion and
electron densities (cm™2), e and m, are electron charge and mass respectively, Z
is the ion charge, kp is the Boltzmann’s constant, and 7, is the electron kinetic
temperature (K). gy is known as the Gaunt factor for exact theory of the absorption
coefficient, and is usually assumed to be 1 by Kramer’s rule [14, 15]. The energy
absorbed by the free electrons due to the inverse bremsstrahlung, further excite the
plasma species through collisional process such as electron impact ionization which

leads to the critical plasma density (n.). The critical plasma density is given by:

2 21
_ E0MeW 10
n.(em™?) = =~z (1.7)

If the plasma density reaches the critical density, the incident radiation will be

reflected from the critical density layer as the plasma becomes opaque to the laser
light. During this time, the plasma expands into ambient medium thus lowering
the electron number density of the plasma. Once the plasma density becomes lower
than the critical density, the laser pulse penetrates again through the plasma leading
to the absorption of incident laser energy and the plasma density increases further.
This process of laser absorption and plasma plume expansion occurs during the
pulse duration. The plasma expansion is isothermal in nature during the laser
pulse, because the volume of the plasma increases during expansion at constant

temperature (the expansion time > heating time).

« Plasma expansion: During the phase of continuous ablation and heating (laser-
plasma interaction), a high thermal pressure builds within the plasma plume volume.
Due to the high thermal pressure and temperature, the plasma plume will begin to
expand rapidly into the surrounding medium. The surrounding medium can either
be vacuum or any background gas medium ( such as air, Ny and Ar gas) with dif-
ferent ambient pressures. The plasma expansion is different in various surrounding
media [13, 14, 15, 16, 17, 18].

Vacuum: In vacuum, while expansion of the plasma, it losses energy via electro
magnetic (EM) emissions (such as visible emissions as in LIBS) and Radio Fre-
quency (RF) emissions. During the plasma expansion, the thermal energy of the
plasma is converted into the kinetic energy of the plasma species (electrons, ions

and neutrals ). The plasma expansion in vacuum can be explained by adiabatic
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expansion model [13]. This model treats plasma plume as an ideal gas with high
pressure and temperature which expands rapidly into vacuum. This model depends
on the masses of the plasma species, so the electrons (as m. < m; or m,,) expansion
rate is higher than the ions, hence the electrons move towards the outer regions
of the plasma leading to charge separation [17] thus creating ambipolar field. The
initial plasma dimension is more at the surface of material (depends on spot size i.e.,
in few 100 ym ) and small along parallel to the surface (due to isothermal expansion
i.e., in few pum). So, the plasma expansion is more towards normal to the material
surface leading to an anisotropic expansion of the plasma. Thus the plasma shape
will be elongated along the normal direction of the target material during the laser
pulse. After termination of the pulse, the plasma expansion is adiabatic and the
EM radiation becomes the dominant mechanism of energy loss.

Air or various background gas mediums: The plasma expansion into a back-
ground gas has three stages [18]: (i) formation of shock front and its propagating
into the gas medium as well as into the material, (ii) spatial confinement of the
plasma due to the interaction of plasma and background gas, and (iii) an increase
in the plasma emissions due to enhanced collisions between the plasma expansion
front and background gas along with the inter plasma collisions. During the cyclic
process of continuous ablation and heating, the high thermal pressures build inside
the plasma which is suddenly released into the background gas leading to the gen-
eration of hemi-spherical shock wave front or blast wave [2] in the background gas
as well as into the target material (due to momentum conservation). The strength
of the shock wave depends on different variables of laser matter interaction and

surrounding gas medium.
1.1 Temporal evolution of the plasma in

background gas

At early stages, the laser produced plasma is smaller in size than the distance upto which
plasma plume is observed. In vacuum, the plasma expands freely as an adiabatic expan-
sion. But when the plasma expands into the background gas, the plasma contact front
velocity is decelerated and density of the plasma is increased due to the pressure exerted
by surrounding gaseous medium, which acts as a confinement. The deceleration and even-
tual stopping of plasma expansion, due to the plasma front collision with background gas
can be explained by shock wave or point strong explosion model at initial time scales
(< 500 ns) at short distances and Drag model at later time scales (>500 ns) at longer
distances. The drag model states that [18]:

R = Ro (1 - exp(—ft)) (1.8)
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Where Ry, is the plasma plume stopping distance, and (3 is the slowing coefficient such that
Ry = Vi, where Vj is initial velocity of the plasma plume. During the plasma expansion
into the background gas medium, the enhancement in emissions from the different atomic
species due to the plasma collision with the ambient gas molecules increases the electron

density via ionization [18].

1.2 Temporal evolution of the shock waves

The rapid expansion of plasma plume into the background gas leads to the generation of
shock wave, which is a discontinuity between the plasma plume and background gas. As
the shock wave expands into the background medium, the temperature behind the shock
wave front decreases rapidly, and reaches to a lower values (<10,000 K). The detachment
of shock wave from the plasma plume occurs around 0.5 us. Before this time, the plasma
plume contact front (CF) and shock wave front (SF) has equal expansion velocity. The
temporal evolution of laser induced shock waves and its geometry mostly depends on laser
energy; temperature, pressure and shape of the plasma. If the laser energy focused into a
small area or spot size the plasma is in spherical shape, the shock waves will be spherical
(in air medium) or hemi-spherical (in solid medium) [19]. If the plasma is elongated
(i.e., in liquid medium), the shock waves are in cylindrical shape [19]. According to
Sedov-Taylor theory, the temporal evolution of shock wave in ambient air is expressed as

1, 20, 21, 22, 23, 24]:
Et?
)ni2 (1.9)
Po

where F; is the energy associated with shock wave, ¢ is the time elapsed since the plasma

Rgw = Do

generation to generate the shock wave, py is the density of the ambient medium (for air
po=1.184 Kg/m?), 'n’ corresponds to dimensionality of the shock wave nature: if n=1 —
planar, n=2 — cylindrical and n=3 — spherical and &, is a constant dependent upon
the specific heat ratio, v of the ambient medium (y=1.4 for air). The shock wave velocity

and pressures in ambient air is expressed as [1, 22, 23, 24]:

2 E, 1
Vew = 5@3/2(I00)5R5%2 (1.10)
2 2
Pow = gV (1.11)

The shock wave pressures inside the any material is derived from the conservation equa-
tions of mass, momentum and energy across the discontinuity which have led to the
well-known "Rankine-Hugoniot jump (R-H) equations" [1, 20, 21, 22, 23, 24]. They are

poUs = p1(Us — Up) (1.12)

Pl - Po = pOUSUp (113)
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1
The simplified Hugoniot relations for shock velocity and pressures are :
Us = Cy + sU, (1.15)
Po = poUSUp (116)

Where Cj is the bulk sound speed of the material and s is dimensionless quantity which
depends on the material and Us, U, are shock and particle velocities respectively. Shock
waves generated from laser induced optical breakdown of materials have found many ap-
plications like laser spark ignition for fuel-air mixtures, internal combustion engines, pulse
detonations engines [25], laser shock peening [26], surface cleaning [27], laser propulsion
(28], biological applications like shock wave lithotripsy [29], orthopedics [30] etc and to

mimic micro-explosions in atmosphere [31, 32, 33].

1.3 Motivation

Over the decades, the study of the dynamic states of matter under extreme conditions has
gained great interest. Conventional methods like detonations, pinch plasmas, diamond
anvil cell and shock tubes were used to generate shock waves and its propagation through
the materials [1, 34, 35]. A conventional shock tube is a long (~ few meters) tube of
cylindrical or rectangular cross section (~ few centi-meters) with two regions separated
by a thin diaphragm. The first region consists of a high pressure gas known as driver
section and other region consists of a low pressure gas. When the diaphragm is suddenly
burst open, the sudden expansion of gas into low pressure region creates a plane shock
wave, which propagates through the tube and interacts with material under study. The
main drawback of the conventional methods are: low pressure values (< GPa), long time
scales (~ ms) [34, 35, 36] and huge operational/maintenance costs. With the invention
of lasers, the high shock pressures > GPa at short times scales (fs to us) can be achieved
by focusing the single or multiple laser pulses over a small volume onto a target material,
creates material plasma and then shock wave occurs and propagates into the material and
surrounding medium simultaneously [2, 3, 4, 5, 33, 37]. This study finds applications in
high energy density physics (HEDP) [6, 33, 35, 37|, equation of state (EOS) of materials
[38], inertial confinement fusion (ICF) [39] and astrophysics [40] etc. In recent years, with
the availability of high power lasers, the ablation pressures > TPa can be achieved at
the material surface [4, 5, 6, 41]. For high intensity lasers (10'5-10' W /cm?), the light
pressure (ponderomotive pressure) itself generate the shock waves in MPa-GPa range.

As the laser ablative shock waves behaves analogous to the mechanically generated shock
waves (i.e., shock wave from a shock tube), the recent studies on laser induced shock

waves propagating in small channels and in tubes with milli-meter to micro meter sized

7
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diameter which acts as miniaturized laser shock tubes have attracted much interest among
researchers [42, 43, 44]. But scaling down of the shock wave effects such as pressure,
velocity attenuation during propagation, laminar and turbulence flow from macroscopic
to mm or micro range requires a proper extensive study. Although several theoretical
and very few experimental investigations are available in this field [42, 43, 44, 45, 46],
there is a strong need for experimental visualization of the laser induced shock wave
propagation inside mm or micro sized channels. The miniaturization of laser shock tube
requires the generation of the laser induced metal plasma at the entrance of the mm or
micro tube as driver, the high pressured metal plasma launches the shock wave into the
mm or micro sized tube and propagates through it [47]. This work mostly deals with the
shock wave propagation in confined geometry and depends greatly on laser properties and
tube properties and the confinement geometry. So, motivated by the literature reports
[42, 43, 44, 45, 46, 47], in this thesis work, we have visualized the temporal evolution
of laser induced plasma and shock waves in different confining geometries and addressed
few problems for better confinement to achieve more enhanced plasma and shock wave

properties.
1.4 Role of confinement on the laser induced

plasma and shock waves

Over the last two decades, a lot of researchers have investigated different methods to
improve the enhancement of optical and mechanical emissions from laser induced plasma
using confinement. The enhancement of optical emissions from plasma is desirable for
higher sensitivity and efficient detection of the LIBS signal. The high accuracy and
precision in LIBS signal compared to other conventional analytical techniques, makes
LIBS technique highly desirable for application in many areas such as: identification of
materials [48, 49, 50, 51, 52], biomedical identification [38, 51, 52, 53], environmental
monitoring [48, 51, 52, 54|, agriculture [55, 56|, space exploration [57, 58], industrial anal-
ysis [59, 60] and many more. The enhancement of mechanical emissions i.e., shock waves
from plasma find applications in laser shock peening [26, 61, 62], laser propulsion [58, 63],
laser spark ignition of fuel-air mixtures, pulse detonation engines etc [25]. To enhance
the optical and mechanical emission from plasma, different experimental methods such as
dual-pulse excitation [48, 64, 65, 66, 67, 68, 69, 70], spatial confinement, magnetic con-
finement, spark discharge, adding of transparent overlays (tamping layer) or absorbing
polymer as confining medium [26, 71, 72] or any combination of these confinement pro-
cesses [19, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67] have been used. Based on the experimental
geometry used for plasma confinement, the confinement methods can be divided into two
categories:

(a) Axial Confinement: If the confinement is applied along laser propagation axis,

it is known as axial confinement. Double pulse configuration and adding a transparent
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overlay to the substrate, comes into this category. These are commonly employed in LIBS
and laser shock peening (LSP) applications. Double pulse configuration is most widely
used and is an effective approach to improve or enhance the plasma emissions. In the
double pulse configuration, two different lasers or two laser beams from a single laser is
used for experiments. Though usage of two separate lasers provides more flexibility in
configuration, such as different pulse widths and inter-pulse delay, it is very challenging
to synchronize and align both the laser pulses. Hence, it is preferred to use single laser
based double pulse configuration which offers great spatial and temporal synchronization
with accurate inter-pulse delays. Based on the geometry of the double pulse configura-
tion, it is further divided as: collinear, cross beam, counter-propagating and orthogonal
geometries [48, 64, 65, 66, 67, 68, 69, 70]. Most of the research work on double pulse
configuration has been done in vacuum for optical emission enhancement. The effect of
mechanical emissions i.e., shock waves and acoustic waves in ambient air/background gas
from a double pulse configuration is not understood fully. The Chapter 3 of the thesis
provides a detailed understanding of effect of fluid confinement of the plasma, on the
mechanical emissions in the counter-propagating geometry [65].

Another way of axial confinement is to add either a transparent overlay or a laser ab-
sorbing polymer/metal film to the target surface as a confining medium. The laser beam
is focused at the interface of the confining medium and the target surface. During the
plasma expansion, the confining medium confines the expansion of the plasma plume op-
posite to the laser propagation direction, resulting in the enhancement of the recoiling
momentum along the laser direction and into the target. The confining media can be
water, quartz, glass, perspex or silicone rubber. The choice of confining medium mainly
depends on the substrate/target material, its density and the acoustic impedance of both
the target and the confining material [26, 71, 72]. A detailed discussion on the role of
acoustic impedance of target (Al, Cu foils) and the transparent confinement medium
(BK-7 glass) is presented in Chapter 4 of the thesis. This Chapter 4 presents the spatio
temporal evolution of the laser induced blow-off shock waves (LIBO SWs) from confined
Al, Cu foils (glass confinement) expanding into ambient air. The effect of shifting of fo-

cal plane on LIBO SWs, which resulted in enhanced shock /flyer velocities is also discussed.

(b) Lateral/Radial Confinement: If the confinement is applied along the radial di-
rection of the laser propagation, it is known as lateral/radial confinement. This is also
known as spatial confinement of plasma. It is flexible and cost effective method to enhance
the optical as well as mechanical emissions, where the plasma is confined to a small size
by cavities of different geometries. In lateral confinement, the size/aspect ratio ( length
(L)/diameter (D)), shape, geometry and material of the cavity plays an important role
in determining the enhancement of plasma properties. Although several authors have

attributed the enhancement of plasma properties to the shock wave reflection and com-
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pression of the plasma [48, 73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83|, a clear visualization
and understanding of the whole process is sparsely available. In Chapter 5 of the thesis,
we have studied the spatial confinement of air plasma inside macro (mm size) hollow tubes
to get an insight into how the reflected radial shock wave affects the plasma properties,
such as plasma length, size, plasma number density, plasma temperature and the life time
of the plasma. The effect of laser energy, cavity geometry, cavity aspect ratio (L/D) on
spatial confinement of the air plasma as well as shock waves are presented in detail.

A combination of both the axial and radial confinement of shock waves is described in
Chapter 6. A transparent dielectric material BK-7 glass is used as a target to study the
effect of confinement inside the target material. The propagation of shock wave inside the
BK-7 glass slab and the reflection of the shock wave due to the impedance mismatch at
interfaces is presented.

The experimental work carried out on different confinement methods in this thesis is

summarized in Figure 1.2.

Aim of the Thesis

Visualizing the dynamics of Confinement processes

Axial Confinement Lateral/Spatial Confinement
Fluid confinement Solid confinement
Chapter 3 Chapter 4 Chapter 5
(Interaction of two (Dynamics of LIBO (Dynamics of spatially
counter propagating plasma and SWs in air) confined air
plasmas and SWs in air) plasma and SWs)
Chapter 6

(Dynamics of Laser ablative
SWs inside transparent dielectric media)

Figure. 1.2 Snapshot of the different confinement geometries used in the thesis study.

1.5 Organization of the Thesis

The thesis presents a clear visualization of different processes involved in the enhancement
of nano-second laser induced plasma and the shock waves properties in confined geometry
in ambient air as well as within the target material. The visualization is done by using
high resolution photography and shadowgraphy [22, 65, 84]. The thesis work is organized
into seven chapters which includes introduction, experimental details, four chapters with
experimental results and a conclusion chapter. The brief description of the each chapters

is given below.
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Chapter 1

This chapter gives the general introduction of laser ablation process and evolution of the
plasma in different background conditions with relevant applications. This is followed by
the characterization of temporal evolution of the shock waves from conservation laws to
obtain/calculate the shock wave properties (such as velocity, pressure and density), brief
discussion of the plasma confinement methods, with relevant applications. Finally, the

organization of the various thesis chapters with brief description is presented.

Chapter 2

This chapter describes the laser systems, diagnostic instruments (ICCD, CCD cameras),
Imaging methods such as shadowgraphy [84], experimental schematics used for the dif-
ferent confinement methods and the details of the target materials used in the thesis.
We have used the second harmonic of an Nd:YAG laser for laser induced breakdown of
air /target material. The spatio-temporal evolution of the plasma and shock waves (in the
form of shadowgrams) were captured using a fast (ns) gating ICCD camera. The plasma

emissions were captured using a CCD and/or an ICCD camera.

Chapter 3

In this chapter, the interaction of two counter propagating laser induced plasmas and the
shock waves in air is presented. This chapter gives an insight into the axial confinement of
the plasma source with another expanding plasma as a confinement medium. Although a
lot of work has been published on colliding plasma plumes in vacuum, studies of colliding
plasma plumes in ambient atmosphere are sparse [85, 86]. Hence, we have studied the
interaction of two counter propagating Nd:YAG (7 ns, 532 nm) laser produced colliding
plasma plumes in ambient air using high resolution photography. Collisionality parameter
(¢) [87] plays a crucial role in the interaction of colliding plasmas, So the effect of colli-
sionality parameter on interaction of colliding plasma plumes in terms of (i) varying the
separation distance (d) between the two plasma sources and (ii) by increasing the laser
energy used to create the plasma in one of the sources (termed as S2 in the thesis) which
in turn increases the number density is studied in counter-propagation geometry. These
energy ratios of two plasma sources mimic the collision of fluids with varying impedances
Zs1 = Zgo, Zig1 < Zgo. The energy of the plasma source S1 is kept constant by fixing the
laser pulse energy at 25 + 0.5 mJ in all cases (through out the study). While the energy
of the plasma source S2 is varied by changing the laser pulse energy as 25 + 0.4 mJ, 41
+1.2 mJ and 92 £+ 1.5 mJ. When two laser pulses are focused at the same position i.e.,
d=0 mm or with separation of 1 mm (d=1 mm) between the two plasma sources, a single
colliding plasma source was observed. For the interaction of two plasma sources with
separation distance (d) > 2 mm, two kinds of stagnation layers are observed at the inter-
action zone (d=0 mm). In this chapter, we present the experimental results on the effect

of the separation distance (d) on the plasma and shock wave properties of the sources
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S1/S2 in interaction of the two plasma sources with different energy ratios and compared
with the freely expanding individual plasma sources (S1/S2). Due to the compression
one plasma by the axial shock waves of other plasma lead to the discontinuity, known
as plasma jetlet, which showed an interesting behaviour with the separation distant (d)
between the two plasma sources and their energy ratio.

The highlights of the work are published in, N. Guthikonda et. al., Interaction of two
counter-propagating laser induced plasmas and shock waves in air, Physics of Plasmas 27,
023107 (2020) [65].

Chapter 4

In this chapter the experimental results on the evolution dynamics of laser induced blow-
off shock waves (LIBO SWs) in ambient air from the metal films or foils (Al, Cu, Ti) and
polymer films (PVA, Au doped PVA) confined with glass (BK-7) substrate is presented.
This chapter gives an insight into the evolution of LIBO SWs in ambient air due to the
effect of axial confinement of plasma by the BK-7 glass substrate. The role of shifting focal
plane on LIBO plasma and the shock wave properties, aimed at achieving the optimal
blow-off shock waves is presented. Although a lot of study has been done on confined
LIBO, the efficient coupling of laser energy to the target material, which is crucial for
LIBO plasma and shock wave properties, is still inadequate [28, 63, 88]. Hence, we have
studied the effect of focusing conditions on LIBO plasma and shock waves from the rear
side of target foils to optimize the laser energy for efficient blow off shock pressures. This
study also gave the chance to understand the effect of relative acoustic impedance of the
confining layer and target material on the LIBO shock waves in ambient air. The initial
studies were done with 20 pum Al and Cu foils adhered to the glass substrate at different
focusing conditions (FO, F1 and F2) and upon optimizing the laser energy to 50 mJ,
the LIBO studies were further extended to the 1.1 ym Cu, 200 nm metal thin films and
polymer films of 60 pm PVA and 35 um Au nano rods doped PVA films.

The highlights of the experimental LIBO work on 20 um Al, Cu foils along with numerical
validation were summarized in, N. Guthikonda et. al., Effect of Focusing Plane on Laser
Blow-off Shock Waves from Confined Aluminum and Copper Foils, (Manuscript under
preparation) (2020) [89].

Chapter 5

In this chapter, the dynamics of spatially confined laser induced air plasma and shock
waves were presented. The spatial confinement of the air plasma is achieved using rect-
angular and cylindrical hollow tubes. The dimensions of tubes are varied over 4.7 mm
to 18 mm. For the confinement geometries, the aspect ratio (tube length to inner di-
ameter ratio) is varied over 1 to 2.5. The role of laser energy on spatial confinement

for a given aspect ratio and vice-versa were presented. Although many research groups
(48,73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83| reported the enhancement of plasma emission
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through semi confinement (confinement of laser ablative plasma from solids i.e, only one
end of the cavity is open and plasma entered the cavity from other end), clear visualiza-
tion of [74, 77, 83] the processes (radial shock wave reflections, plasma compression and
squeezing) resulting in plasma emission enhancement are sparse. Hence, we have studied
the spatially confined air plasma in detail to get an insight of the physical processes such
as radial shock wave reflection, compression and squeezing of the plasma due to reflected
shock waves leading to enhanced plasma emissions. The evolution of spatially confined air
plasma and shock waves were captured using shadowgraphy and self-emission imaging for
different laser input energy and different cavity aspect ratios. For a clear visualization of
the physical processes a hollow rectangular glass tube of constant inner diameter (8 mm)
with varying lengths (8-16 mm) giving the aspect ratios of L/D=1, 1.5 and 2 were used.
The evolution of the confined plasma and the shock waves is compared to the uncon-
fined /free expansion of air plasma under similar experimental conditions to quantify the
confining effects. To get an insight into the enhancement of plasma properties (number
density, temperature) due to reflected radial shock wave compression of air plasma inside
a rectangular glass tube, we have performed the 2-D numerical simulations using modified
FLASH-2D hydrodynamic codes [90]. The simulated plasma and shock wave properties
show good agreement with the experimental results. The numerical simulation results are
not included in this thesis, as they form thesis of my colleague D.P.S.L.. Kameswari.
After the visualization of plasma and shock wave dynamics in a transparent rectangular
glass tube, the studies were extended to cylindrical geometry. A cylindrical hollow copper
tube with an inner diameter of 4.7 mm and of different lengths 4.7, 7.05 and 9.14 mm
leading aspect ratios of 1,1.5 and 2 respectively, are used for spatial confinement. Since
the cylindrical tube is opaque, only the evolution of the shock waves exiting along the
Z direction can be seen along with the plasma mass density. The effect of laser energy
and cavity aspect ratio on axial shock wave exit times and its evolution is studied in
this chapter. The spatial confinement studies were further extended to understand the
effect of tube diameter on the plasma mass density and axial shock wave evolution by
confining the air plasma with 200 mJ of laser energy inside hollow cylindrical tubes of
different diameter with same length. Three different materials such as: glass (L=15 mm,
D=10.5, 12.5 mm), plastic (L=17.8 mm, D=13, 16 mm) and SS (L=12.72 mm, D=5.4,
6.47 mm) were used for this study. Based on the experimental results, this study was
used to optimize the tube diameter for efficient enhancement of the plasma and shock
wave properties in the spatial confinement of the air plasma.

The highlights of the spatial confinement of air plasma inside rectangular glass tube with
validated simulation results were summarized in, N. Guthikonda et. al., Dynamics of con-
fined laser induced air plasma inside a hollow tube, (Manuscript under preparation)(2020)
[90].
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Chapter 6

The effects of axial confinement presented in Chapter 4 and spatial confinement studied
in Chapter 5 are combined to understand the evolution of laser induced/ablative shock
waves inside a transparent dielectric material, BK-7 glass slab. The axial confinement
of shock waves is achieved using an overlay of Al/Cu foils, while the dimensions of BK-
7 glass have provided the spatial confinement boundary to shock waves launched and
propagated inside BK-7 glass slab. In this chapter, the dynamics of laser induced shock
waves inside BK-7 glass under the following conditions are presented: (a) effect of acoustic
impedance of confining overlays by using Al, Cu foils of same thickness (20 pm) Z¢,(3.93)
> Z(1.45) > Zpg_7(1.27) (in 105g/ecm? — s) ( where Z = pU,,) (b) effect of laser focal
plane position w.r.t. the glass-foil interface and (c) effect of input laser pulse energy.
Though most of the studies on the confinement of laser ablative plasma confirmed the
enhancement of the plasma and shock wave properties, all these studies were either based
on plasma emission signal intensities (in surrounding medium) [73, 74, 75, 76, 77, 78,
79, 80, 81, 82, 83] or the amount of compression that the material undergone, which is
studied via residual stress measurement [26, 71, 72]. The studies on the visualization
of shock wave propagation inside the solid material are sparsely available due to the
opaqueness of solids to visible radiation as it needs sophisticated instruments such as X-
ray sources, detectors and VISAR with streak camera to monitor the shock wave inside
solid material [91, 92]. If the material is transparent to visible radiation, one can visualize
the evolution shock waves inside the material and quantify the shock wave characteristics
in terms of radius/velocity. Hence, we have used BK-7 glass slab of 50 mmx50 mmx 15
mm (Ixbx h) which is transparent to the probe beam (633 nm). The temporal evolution
of laser ablative shock waves inside BK-7 due to ablation of the confining layer and direct
ablation geometries is studied. The Al (20 gm), Cu (20 um) foils are used as overlay in

the confinement geometry.

In direct ablation geometry, the effect of the laser energy on the laser induced breakdown
of BK-7 glass slab and the evolution of the shock waves inside the BK-7 glass as well in
the ambient air were studied. The effect of the shifting of focal plane (FO- laser focuses
on the BK-7 surface and F2- laser focuses 6 mm deep inside BK-7) on the shock wave
evolution inside BK-7 glass slab is also investigated to visualize the enhancement of the
shock wave properties inside BK-7 glass. To understand the effect of axial confinement,
Al and Cu foils of 20pum were adhered to the BK-7 glass surface. Due to the ablation of
Al and Cu thin foils, the laser ablative shock wave propagating inside the Al and Cu foil
transmitted into the BK-7 similar to the propagation of shock waves from one medium
(Z1) to other medium (Z2) [1, 24, 93]. The effect of the laser energy and the shifting
of focusing plane (FO and F2) on the transmitted ablative shock wave inside the BK-7

glass is studied in confinement geometry. This study gave a chance to understand the
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effect of relative acoustic impedance (Z) of the confining layer and target material on the

transmitted laser ablative shock wave propagation inside the solid target material.

Chapter 7

This chapter summarizes the work presented and gives the future scope in terms of few
applications. A roadmap on utilizing the work presented to design laser based macro
shock tubes (few mm diameter) [42, 43, 44, 45, 46, 47] for characterization of materials
using laser plasma produced shock waves is discussed. As the laser ablative shock waves
behave analogous to that of a mechanically generated shock waves (that involve huge
operational cost), the laser plasma based mm-sized shock tubes may be the future [42,
44, 47]. Optimization of laser coupling via different confining materials and overlays
is essential for industrial processes such as laser shock peening [26]. The shock wave
propagation in micro-channels (for example, veins) [94, 95] using fs laser generated shock
waves can pave the way to create surgical tool to remove the clots by fine tuning of laser
shock lithotripsy. Moreover, the lab scale laser based shock tube experiments can help
in designing the efficient systems like gas/oil/mining ducts that involve extreme pressure

and temperature conditions [96, 97].
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Chapter

Experimental Details

To understand the spatio temporal evolution of confined laser induced/ablative plasma
and shock waves into ambient air or into the transparent material, we have used different
laser systems, diagnostic instruments (ICCD, CCD cameras), optical imaging methods
such as shadowgraphy and self emission imaging and different target samples. This chap-
ter gives brief description of the laser systems, synchronization of ICCD/CCD camera
with laser system, optical imaging methods(shadowgraphy), experimental schematics for
different confinement methods and details of the target materials. In this thesis, shadowg-
raphy imaging with fast gated (ns) ICCD camera and plasma self emission study using
CCD and/or ICCD camera are the main diagnostics used to study the evolution of the

plasma plume and shock waves in different confinement geometries.

2.1 Introduction

The enhancement of optical (radiation) and mechanical (shock wave) emissions from the
plasma is very essential to different fields such as laser induced breakdown spectroscopy,
laser shock peening, laser propulsion and plasma diagnostics in tokamaks etc [1, 2, 3, 4].
The plasma and shock wave properties are enhanced by different confinement methods
such as dual-pulse excitation, spatial confinement, magnetic confinement and adding of
transparent overlays or absorbing metal /polymer as confining medium. Although many
reports are available on plasma and shock wave enhancement, a clear visualization of the
confinement process leading to enhancement of plasma and shock wave properties are
sparse. In this work, spatial and temporal evolution of the confined plasma and shock
waves and role of shock waves on enhancement of plasma properties were clearly visualized
with the help of optical diagnostic methods such as, shadowgraphy and self emission
imaging. A detailed description of Laser systems used for plasma generation and probing
of plasma, instruments used for optical diagnostics and experimental schematics used for

different confining methods were given below.
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2.2 Shadowgraphy Imaging

Shadowgraphy technique works on the principle of refraction. When the probe beam
passes through the plasma, it gets refracted due to the gradient in the refractive index
of a phase object, leading to variations of intensity causing bright zones and shadows.
Variations in the intensity of a shadowgram depend up on the second derivative of re-
fractive index of the medium. Different shadowgraphy techniques such as direct, focused,
defocused and Z-type shadowgraphy techniques [5] are available. Focused shadowgraphy
gives the information mostly about the evolution of plasma volume and shock front po-
sition w.r.t. the time delay from the laser pulse. This technique gives the knowledge
of ionization of a material, the dynamics of the ejected mass (in the present study, it is
plasma plume) and shock wave front propagation through the ambient medium. In our
work we have used defocused (Chapter 3) and focused (Chapters 4, 5, 6) shadowgraphy
by placing the ICCD camera slightly off after the focal plane of the collecting lens (L5)
placed in front of the camera [6].

To study the information about the finer density details (with variable magnification)
and to study the inner and outer fringes surrounding the plasma core revealing spatial
density gradients more clearly, the defocusing shadowgraphy is more useful. In defocused

shadowgraphy, the ICCD camera is placed before the focal plane of collecting lens (L5).

2.3 Details of the laser systems
In this thesis work, we have used two Nd:YAG laser systems with different pulse durations
to create plasma in ambient air or inside the target material. The brief description of laser

working and technical details are given below.

2.3.1 SpitLight 1200 laser system

A Q-switched INNOLAS spitlight-1200 Nd:YAG laser system was used to create the air
plasma sources in axial confinement of air plasma in double pulse (DP) configuration
(Chapter 3). Spitlight-1200 laser could be operated at 1064 nm, 532 nm, 355 nm, 266 nm
producing maximum pulse energies of 1300 mJ, 700 mJ, 320 mJ and 130 mJ respectively
[6]. In this thesis, linearly polarised laser pulses having second harmonic wavelength (532
nm) and 7+ 1 ns Full Width at Half Maximum (FWHM) with Gaussian beam profile
were used. The detailed description of laser working is provided elsewhere [6, 7]. The

important characteristics of the laser have been summarized in Table 2.1.

2.3.2 TITAN-5 laser system

TITAN-5 from Amplitude Technologies, is a high power Nd:YAG laser system that can
deliver higher pulse energies upto 7 J at 1064 nm and 5 J at 532 nm respectively with
short pulse (10 ns) duration and quasi-Top-Hot beam profile. It can be operated at either
5 Hz or single shot mode. This laser system is used to create plasma in axial confinement

(single pulse configuration) and radial confinement of plasma studies (Chapters 4,5,6).
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Table 2.1 Specifications of Nd:YAG laser systems used in the study

SpitLight-1200 TITAN-5
Wavelength 1064,532,355&266 nm  1064,532 nm
Pulse width(FWHM) 7+ 1 ns 10+1 ns
Beam profile Gaussian quasi Top-Hat
Beam diameter 8 mm 22 mm
Repetition rate 0.5-10 Hz 5 Hz or Single Shot
Energy/pulse (Max.) 1300,700,320&130 mJ 7000,5000 mJ
Beam divergence <0.5 mrad <0.5 mrad
Time jitter <1 ns rms <0.5 ns rms

The important specifications of the laser have been summarized in Table 2.1[8]. The
internal layout of TITAN-5 high power Nd:YAG laser system with 10 ns pulse width
(FWHM) is shown in Figure 2.1. The TITAN-5 laser is composed with three major parts:
the laser head, the power supplies and the cooling unit. The laser head consists of an
oscillator, two power amplifiers (i.e., two stage amplification) and, a second harmonic
generation and harmonic filter setup. The TITAN-5 laser oscillator consists of 12.7 mm
diameter Nd:YAG rod pumped by two Krypton flash lamps, generates IR (1064 nm) laser
pulses with p-polarization. The laser cavity of the Nd:YAG oscillator is an unstable Q-
switched resonator with Gaussian type mirror (reflectivity is higher at the center than
on the edge). The cavity is optimized for efficient energy extraction of a large diameter
Nd:YAG rod in a single transverse spatial mode (T'EMyg). The designed cavity then has

multiple resonance frequencies (spectrally multi-mode).
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Figure. 2.1 Internal layout of the TITAN-5 high power Nd:YAG laser system.

When the Pockels cell(PC) is inactive, the p-polarized beam is transmitted through the
dielectric polarizer (p-type) and is converted into circularly polarized beam by the quar-

ter wave plate; the Pockels cell does not affect it. On its way back, the beam has its
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polarization transformed from circular to s-polarization (linear vertical) by the quarter
wave plate and is extracted out of the cavity by the dielectric polarizer (p-type) (Figure
2.2). This configuration inhibits laser oscillation and no laser beam is extracted through
the output coupler. When the Pockels cell is activated (a 4 kV voltage is applied to the
electrodes), the circularly polarized beam is transmitted by the quarter wave plate and is
converted into s-polarized beam by the Pockels cell. On its way back, the beam polariza-
tion is converted into p-polarization by the Pockels cell (still activated) and the quarter
wave plate. The beam is then totally transmitted through the dielectric polarizer and

laser oscillation is enabled within the cavity (Figure 2.2).
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Figure. 2.2 Q-switching principle of TITAN-5 laser cavity.
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Figure. 2.3 Internal synchronization timing diagram of TITAN-5 laser cavity.

Figure 2.3 shows the internal synchronization timing diagram of TITAN-5 laser cavity.
When the flash lamps are triggered, the Nd:YAG rod emits the fluorescence and after
reaching to saturation, the fluorescent energy is extracted from the cavity by triggering
the Pockels cell. The delay between the flash lamp trigger and the Pockels cell trigger is
in the order of 280 us, known as the fluorescence delay. After the Pockels cell trigger, the
laser pulse is emitted from the laser cavity. The delay between the Pockels cell trigger and
laser pulse emission is in the order of 184 ns. After the laser pulse emission from cavity,
it is propagated through a first stage amplifier (Amplifier 1) having 16.5 mm diameter
Nd:YAG rod (single pass) leading to ~ 3 times amplification in pulse energy and 1.3 times

increase laser beam diameter (Figure 2.4). The laser pulse is further propagated through
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second stage amplifier (Amplifier 2) having 21 mm diameter Nd:YAG rod (single pass)
to increase the pulse energy by ~ 3 times, with 1.3 times increase laser beam diameter
(Figure 2.4 (a)). The advantage of this laser system is that, we can monitor the laser
cavity output beam profile of laser pulse and the laser energy distribution within the pulse
in real time mode. The Vision® software along with BASLER ACE® camera is used for
the real time monitoring of pulse profile and pulse energy distribution [9]. Figure 2.4 (b)
shows the laser beam snapshot from oscillator is captured using Vision® software at 2 J
(532 nm) output energy. It clearly shows that the pulse energy distribution within beam
diameter is like quasi-TOP-HAT while it has a Gaussian type temporal profile as shown
in Figure 2.4 (c,d).
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Figure. 2.4 Characterization of TITAN-5 laser beam (a) beam diameter (b) laser beam
snapshot using Vision software (c-d) spatial and temporal distribution of laser pulse of 2

J laser output energy.

The final output of IR beam (after amplification) has ~6 times pulse energy than the
pulse energy from cavity with 22 mm laser beam diameter. For second harmonic gener-
ation (SHG), a 25 mm diameter LBO (Lithium Borate) Type-I crystal with appropriate
harmonic filters (Dichroic mirrors) is used. The LBO crystal has different coatings 1064
nm, 532 nm on each face with an arrow showing laser propagation direction. The input
and output faces are wedged around 2.5° to avoid the input face reflection back into the
ceramic on the side of the pumping chamber. For efficient SHG, we can tune the phase-
matching angle by regulating the crystal temperature at 40° C (thermally stable). This
LBO Type-I crystal has around 70 % energy conversion efficiency. The second harmonic
laser pulses are passed through harmonic filters (dichroic mirrors) to eliminate residual
1064 nm wavelength and exited through laser head manual exit aperture. The power
supplies and cooling unit (internal chiller) are combined into a single laser cabinet [8].
Since the TITAN-5 is a high power laser system (5 J max. @ 532 nm), it is optimised
(oscillator voltage at 1450 V and amplifier voltages at 1350 V) for delivering ~ 3 J energy
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Figure. 2.5 Laser energy variation w.r.t. HWP angle representing malus law; Bl

represents p-polarised light and A represents s-polarised light.

with 532 nm wavelength for this thesis work. It is to note that, for different laser energy
requirements (for lower energies), continuous changing of the oscillator and amplifiers
voltages is not advised, because it can cause serious damage to the Nd:YAG rods. So,
the output of TITAN-5 laser is fed into an attenuator, which consist of a half wave plate
(HWP) and a Brewster polariser. The attenuator splits the beam into s-polarisation and
p-polarisation laser beam with different energies based on HWP angle (according to malus
law I = I,Cos?0). The Figure 2.5 shows the energy variation of laser beam w.r.t. the
HWP angle. For all the work performed with TITAN laser, we have used s-polarised laser

beam.

2.3.3 Probe beam

A continuous He-Ne laser from M/s Melles-Griot (model: 25-LHP-828-230) with 25 mW
output power and 632.8 nm wavelength was used as a probe beam to capture the dynamics
of plasma plume and shock waves from Air and different target materials. The initial
probe beam diameter (~ 1.5 mm) was expanded to ~ 4.5 mm and collimated by using
a beam expander (BR3X, Thor Labs). Later, this probe beam (4.5 mm) was further
expanded (20X) and collimated by using a telescopic lens system which consists of two
plano-convex lenses with focal lengths 50 mm (L3) and 1000 mm (L4) separated by sum
of the focal length distances (f3+f4), respectively. The final output probe beam has 33
mm diameter. A spatial filter (aperture) was placed at the focal plane of the first lens

(L3) to filter out the higher spatial frequency components in order to get the smoother
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beam profile. The collimated probe beam of 33 mm traverses through the plasma region
of the irradiated sample with the help of 50 mm diameter He-Ne mirrors and loosely
focused on to the ICCD camera using 50 mm diameter palno-convex lens (L5) with 200
mm focal length. As the He-Ne laser probe beam propagates through the plasma, it can
either be refracted by a region with high density gradients or absorbed by dense plasma
plume particulates, thus leads to bright and dark regions in the shadowgraphy images. A
band pass filter transparent to 632.8 nm and a notch filter of 532 nm placed in front of
the ICCD camera to prevent the background illumination. This probe beam (33 mm) is
used for the experiments using spitlight 1200 laser system i.e., 7 ns laser pulses.

The shadowgraphy set up was upgraded for experiments with TITAN high power laser

Ao

————— £y
__H¢-Ne beam (1.5 mm)

Figure. 2.6 He-Ne probe beam imaged using (a) CCD camera (b,c) ICCD camera
along with graph sheet

system i.e., 10 ns laser pulses. The initial probe beam diameter (~ 1.5 mm) was expanded
to ~ 47 mm (limited by lens diameters (50 mm)) and collimated by using a beam expander
(BR3X, Thor Labs) and telescopic lens system (13X) which consists of two plano-convex
lenses with focal lengths 50 mm (L3) and 650 mm (L4). The collimated probe beam
of 47 mm traverses through the plasma region of the irradiated sample with the help of
150 mm diameter He-Ne mirrors and loosely focused on to the ICCD camera using 150
mm diameter palno-convex lens (L5) with 200 mm focal length. Figure 2.6 (a) shows the
image of initial He-Ne probe beam captured using CCD camera, Figure 2.6 (b-c) shows
the calibrated image of He-Ne probe beam captured by ICCD camera which is further

used for shadowgram analysis.

2.3.4 Imaging diagnostics

CCD: Normal imaging of the plasma provides a qualitative information about the plasma
size (length and diameter of the plasma). An Ophir-spiricon camera (SP 620U) with
200-1300 nm spectral range, 4.4 um x 4.4 pm spatial resolution and ~ms (integrated)
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temporal resolution along with CCTV zoom lens (50X) is used to image the plasma self
emission. The camera is also fast triggerable with laser pulse. The detailed description of
CCD working is provided elsewhere [10]. The technical specifications of the CCD camera,

have been summarized in Table 2.2.

ICCD: ICCD cameras with ns and ps gating are extensively used for the studies of
the laser produced plasma, for studying temporal evolution, spectral distribution and
instability studies. The ICCD consists of a CCD camera behind an image intensifier,
which enhances the low light photons for short duration of time. The amplification of
light is done by photo cathode and multi channel plate (MCP). The presence of photo
cathode in ICCD makes the ICCD a camera having an extremely fast shutter. The gating
of photo cathode can be electrically controlled by the amplitude of the voltage, width and
delay time. The ICCD is controlled and synchronised with laser by using a external delay
generator (SRS 645 DDG). We have used an Andor ICCD (Andor iStar DH-734U) camera
[11] with ns gating for spatial and temporal evolution of plasma and shock waves. We
performed fast imaging of laser produced plasma plume using an ICCD with a Nikon 85
mm f/1.4D infinity corrected zoom lens. The technical specifications of the ICCD camera

have been summarized in Table 2.2.

Table 2.2 Technical specifications of diagnostic tools used in the study

ICCD CCD
Model Andor iStar DH-734U  Ophir-Spiricon: SP-620U
Type Gated, fast triggered  Non-Gated, triggerable
Spectral Range ~ 200-900 nm 200-1300 nm
Temporal 1.5 ns Integrated (~ ms)
resolution (min.)
Pixel size 15 pm x 15 pm 4.4 pm x 4.4 pm
(calibrated) (calibrated)
Active area 154 mm x 154 mm 7 mm X 6 mm
(calibrated)
Frame rate 0.8 Hz 10 Hz

Calibration of ICCD: The important requirement for imaging diagnostics is in-situ
calibration of camera and probe beam. The calibration of ICCD is required to provide
quantitative information about the size, position and geometry of the plasma plume and
shock waves. A standard graph paper with 5 mm lines is used for mapping of spatial
position of the plasma plume and shock wave position to the camera pixels so that the

plasma plume and shock wave front positions can be accurately determined. Figure 2.6
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(c,d) shows the image acquired using ICCD camera by placing a graph sheet perpendicular
to the probe beam at the location of plasma formation. The calibration is performed again
if any of the components i.e., mirrors, lens system is modified/aligned. The calibrated
ICCD shadowgraphy images are further analysed using self-written Matlab® program to

obtain the position of shock wave front and plasma contact front.

2.4 Experimental configurations
This section gives the experimental details such as experimental schematics, technical

values used for imaging detectors and sample targets used in the thesis work.

2.4.1 Double pulse configuration

The double pulse configuration has divided into four geometric configuration depending
on direction and sequence of laser beams [1]. They are: (a) collinear geometry, in which
both the laser pulses (pre pulse, main pulse) are propagates along same optical path and
interacts with sample (b) orthogonal geometry, in which one laser pulse creates sample
plasma and another laser pulse is parallel to sample surface which reheats the plasma
(c) cross beam geometry or a quasi-collinear geometrical configuration, in which two
laser pulses irradiates the sample surface at an angle (d) counter propagating geometry,
in which both pulses propagate collinear and interacts with sample at 180°. Since the
studies of two plasma interaction in counter propagating geometry in ambient air are very
rare due to difficulty in experimental set up, we have studied the temporal and spatial
dynamics of interaction of two counter propagating laser induced plasmas and shock waves
using double pulse configuration as shown in Figure 2.7. This study revealed the role of
separation distance and energy ratios between two plasma sources on the interaction along

with the effect of the propagation of shock waves through interaction zone.

The second harmonic beam (532nm) of Nd: YAG Laser (INNOLAS SPITLIGHT 1200,
7 ns, 10 Hz repetition rate) of 8 mm diameter is propagated through an attenuator,
which consists of half wave plate (HWP) and Brewster polariser (BP) (Figure 2.7). The
p-polarised laser beam is propagated through beam splitters (BS), which divides the
input laser beam into two coherent beams with equal or different energies. The two
beams are focused using plano-convex lenses of equal focal length (L1 = L2 ~ 75 mm)
in f/#9 geometry to get two collinear, counter-propagating plasma sources around the
respective focal planes with 140 & 10pm in ambient air. The optical path between two
laser beams are adjusted with the help of harmonic mirrors (M1, M2.... M9) to achieve
zero delay between two laser pulses. The He-Ne probe beam is expanded and collimated
to 33 mm diameter using a beam expander (3X) along with a lens system (L3 =50 mm,
L4=1000 mm). The probe beam passes through the plasma perpendicularly, the beam
will be refracted by a region with high density gradients or absorbed by dense plasma

plume particulates, leading to the shadowgraphy images and can be visualized by loosely
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Figure. 2.7 Experimental schematic used for the interaction of two counter

propagating laser induced plasma and shock waves in air (double pulse configuration).

focusing the probe beam on to ICCD detector using 200 mm lens (L5). The energy of
the plasma source S1 is kept constant at 254+0.5 mJ in all cases, while the energy of the
source S2 is varied as 25 £+ 0.4 mJ, 41+1.2 mJ and 924+1.5 mJ using the beam splitters
with R:T = 50:50, 40:60 and 20:80 respectively. The ICCD camera is synchronized with
the pockel cell (PC) of the Nd:YAG laser with the help of a external delay generator (SRS
DDG 645). For 2D emission images, the camera (CCD/ICCD) is placed perpendicular to
the both plasma sources or in the probe beam path (in the absence of the probe beam)
as shown in experimental schematic. The CCD camera will give the time integrated
radiation emissions from both the plasma sources. The ICCD camera along with a Nikon
85 mm f/1.4D infinity corrected zoom lens is used for capturing the temporal evolution of
the radiative emissions from both the plasma sources. The captured 2D emission images
using ICCD and CCD camera are given in Chapter 3.

2.4.2  Single pulse configuration
The spatio temporal evolution of laser induced blow off (LIBO) studies of metals and

polymer thin films (Chapter 4), spatial confinement of laser induced air plasma (Chapter
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Figure. 2.8 Experimental schematic used for single laser pulse ablation configuration in
Chapters 4, 5 and 6.

5) and laser ablation of BK-7 glass (Chapter 6) is studied using the single pulse configura-
tion. Figure 2.8 shows the experimental schematic used in the single pulse configuration
for Chapters 4, 5 and 6, which consists of a high power Nd:YAG laser system (TTTAN-5,
532 nm, 10 ns, 5 J, 5 Hz) used for the ablation of the target sample. The second harmonic
pulses of 10 ns pulse width are propagated through an attenuator (consists of HWP and
BP), from which laser pulses with s-polarisation are focused using a 150 mm plano-convex
lens in f/#7 geometry with 500+ 50um focal spot size. The systematic shifting of the laser
focal plane from FO0 to F2 (upto 6 mm) is achieved using a manually controlled translation
stage. The He-Ne probe beam is expanded and collimated to 47 mm diameter with the
help of a beam expander (3X) and lens system (L2=50 mm, L3= 650 mm), which passes
through the plasma focused on to the ICCD camera using a 200 mm lens (L4). The ICCD
camera was triggered using a photo diode (DET 10 A, 1 ns rise time, Thor Labs) signal
with the help of an SRS delay generator. The ICCD camera along with a Nikon 85 mm
f/1.4D infinity corrected zoom lens is used for capturing the temporal evolution of the 2D

plasma emissions from spatially confined air plasma as given in Chapter 5. The technical

33
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details of the lasers, diagnostic instrument (camera) settings utilized in the experiments
are summarized in Tables 2.3, 2.4.

Table 2.3 Specifications of different lasers used in the study

Pump laser Probe laser

Nd:YAG Nd:YAG He-Ne
Model SpitLight 1200[7] TITAN-5]§] 25-LHP-828-230
Wavelength 532 nm 532 nm 632.8 nm
Pulse width(FWHM) 74 1 ns 10+£1 ns CW
Beam profile Gaussian quasi Top-Hat Gaussian
Beam diameter 10 mm 22 mm 33 mm, 47 mm
Polarization p-polarized s-polarised p-polarized
Rep. rate (Hz) 0.8 1 -
Energy/Power 25-92 mJ 25-2000 mJ 25 mW
Intensity 23-85 GW/cm?  1.2-100 GW /em? -
Focusing geometry f/9 f/7 -
Focal spot size 140 £10 pm 500+ 50pum -

Table 2.4 Technical details of diagnostic tools used in the study

ICCD CCD

Model Andor iStar DH-734U Ophir-Spiricon: SP-620U

Temporal resolution 2 ns (shadowgraphy) Integrated (~ ms)
50 ns -15 us (self-emission) -

Gate delay 400 ns - 30 ps from t=0 -

Pixel size 15 pm x 15 pm 4.4 pm x 4.4 pm
(calibrated) (calibrated)

Active area 15.4 mm x 15.4 mm 7 mm X 6 mm
(calibrated)

Frame rate 0.8 Hz 10 Hz

Spatial calibration — 20.19 £+ 0.4 pum/pixel 14.6 £ 0.1 pm/pixel

(defocused shadowgraphy)
52.8 + 0.4 pm/pixel
(focused shadowgraphy)
89.55 £ 10 pm/pixel

(self-emission study)
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2. Fxperimental Details

2.5 Summary

In this chapter, the details of the laser sources, technical specifications of ICCD and
CCD cameras, He-Ne probe beam and experimental schematics of shadowgraphy method
developed to study the dynamics of plasma and shock wave in single pulse and double
pulse configurations were presented. For the imaging processing technique, Matlab®

software was used to obtain the position of expanding plasma and shock wave fronts.
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Chapter

Interaction of two counter
propagating plasmas and shock

waves 1n air

When two laser produced plasma sources interacted, the outcome results are: (i) the in-
terpenetration of plasmas and/or, (ii) formation of stagnation layer at the collision front.
The degree of interpenetration (or stagnation) is determined by collisionality parameter
which is the ratio of the separation distance between individual single (seed) plasmas to
the ton-ion mean-free path. Previous work on colliding plasmas in vacuum has shown that
when stagnation layer is formed, they exhibit an enhancement in plasma emission with
uniform spatial distribution of electron density, electron temperature along the stagnation
layer. These characteristics of stagnation layer is of much interest to the laser research
community, however the research has been done in vacuum only. Not only the study of
interaction of colliding plasmas in ambient air are limited but the counter propagating in-
teraction geometry is also very limited in the research field. In this chapter we present the
interaction of two counter propagating laser induced colliding plasma plumes in ambient
air produced by second harmonic of Nd:YAG laser pulses of 7 ns (FWHM) pulse width
with the help of shadowgraphy imaging technique. The effect of separation distance (d)
between the two plasma sources and their energy ratio on the interaction of two counter
propagating plasma and shock waves is presented. The interaction dynamics of the two
counter-propagating colliding plasma plumes and shock waves (SW) are compared with
that of respective dynamics of single (seed) plasma source and shock waves to explicitly
bring out the energy exchange between two plasma sources, the effect of the shock wave

compression on the plasma Jet and plasma Jetlet evolution during the interaction.
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3. Dynamics of two counter propagating plasma plumes collision in air

3.1 Introduction

The study of two colliding plasma plumes interaction has attracted several researchers for
past few decades from mid-1970’s, covering both fundamental physics and some potential
applications. The physical interactions and collisions between two or more plasma plumes
can be useful to understand the design of indirect inertial confinement fusion (Hohlrums),
X-ray laser research [1, 2, 3, 4], higher ionic temperature and charged particle acceleration
using Thomson scattering in conjunction with proton radiography etc [5, 6]. These laser
produced plasma plume interaction dynamics has also been used in understanding the
Super novae remnants (SNR), the super novae (SNe) [7] to model and understand various
astrophysical processes [8, 9]. On the other hand, low density colliding plasma plumes
are useful in the minimization of re-condensation of ablated material to increase the
efficiency of the pulsed laser deposition (PLD) process [10], the formation of molecules
[11, 12, 13] and the formation of nano particles [14]. To understand the collision of
two plasma plumes in vacuum different target combinations were utilized. The popular
geometries are collinear, crossed and orthogonal configurations [15, 16, 17, 18, 19, 20|
with different shaped samples (flat targets or wedge-shaped targets) to create collinear or

counter-propagating plasma plumes.

The initial research on colliding plumes were performed by Rumsby et. al. [15] in 1974,
where they investigated the two carbon plasma plumes generated next to each other on
flat surface colliding in lateral direction. Photon scattering techniques and time integrated
photographs were used to study the expansion dynamics and plasma parameters from the
interaction region for different plume separations. The 1D multi-fluid hydrodynamics
model developed by Rambo and Denavit [16] standardized a single parameter to study
the transition regime between stagnation and interpenetration of colliding plumes. The

parameter is known as collisionality parameter () and was expressed by [15, 16, 17]:

=2 (3.1)

Aii
Where D is distance between two seed plasmas, A;; is the ion-ion mean-free path (mfp)
which is defined as [16]:
mivy

i(1—2) = 2
Au( - ) 47rq4Z4nl-lnA1H2 (3 )

Where m; is the ion mass, vys is the relative plasma velocity between two seed plasmas, ¢
is the elementary charge, Z is the average ionisation state of the plasma, n; is the plasma
density at the collision plane (all in SI units) and InA;_,s is the Coulomb logarithm,

which is unit-less and generally between 5 and 10 for laser produced plasmas (LPP) [17].
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3. Dynamics of two counter propagating plasma plumes collision in air

Coulomb logarithm depends on :
AD

man

InA = In(

) (3.3)

Where Ap is the Debye length of the plasma and is defined as:

EOI{ZBT
Ap = 3.4
D=\ (3.4)

Where ¢, is the permittivity of free space, kg is Boltzmann’s constant, T is the plasma

temperature and e is the electron charge. [,,,;, is the minimum impact parameter, defined
as the classical distance of closest approach between an electron and an ion. The parameter
limin is defined as b, = kpT./Z e?, where T, is the electron temperature of the plasma.
The interaction of two expanding plasma plumes may be either collision dominated or
collision-less type. In collision-less plasmas, the collective interactions play an extremely
important role in the plasma [15, 18, 19, 20]. For example, the excitation of collective
electron motions can explain the damping of shock waves in a collision-less plasma. In
collision dominated plasmas case, when two expanding plasmas are colliding two extreme

cases may occur: stagnation or interpenetration.

The interaction of colliding plasma plumes at the interaction zone will depend on the col-
lisionality parameter (¢), which in turn depends on the relative velocity between two seed
plasma sources and the ion-ion mean free path (mfp) (Eq.3.1) [15, 16, 17]. If the ion-ion
mean free path is longer than the separation distance between two plasmas, in other words,
if the two seed plasmas have a large relative velocity and low density at the interaction
zone the plasma plumes will try to interpenetrates. It is known as soft stagnation layer
and the binary coulomb collision between plasma constituents (ions) in each seed plasma,
drives the heating processes to occur. If the ion-ion mean free path is smaller than the
separation distance between two plasmas, in other words, if the relative velocities be-
tween the plasmas is small, the plasma interpenetration is relatively small and plasma
constituents will tend to decelerate abruptly at the interaction zone and the interaction
is dominated by collisions between ionic species from each of the opposing seed plasmas
resulting in a build-up of plasma mass density. As time progresses this plasma mass den-
sity material will be compressed by other plasma mass density giving rise to a region of
increased temperature and density, called as Hard stagnation layer. The stagnation
layer formed in colliding plasma plumes in vacuum has an increase in the duration of
optical emissions compared to the case of a single plasma plume; uniform spatial distri-
bution of ions and atoms; and an enhanced line emission intensity. The properties of a
stagnation layer depend on the collisionality parameter, which in turn is dependent on
the target geometry and the seed plasma properties. By controlling the properties of the
seed plasmas the stagnation layer can effectively be tuned for shape, ionization balance,

electron temperature and electron density. The Table 3.1 summarizes the brief history of
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3. Dynamics of two counter propagating plasma plumes collision in air

Table 3.1 Experimental and Numerical work on laser produced colliding plasma plumes

Author Experimental/ Diagnostics
Theoretical details
Rumsby [15]  Nd:glass laser, 45 ns, 4.5 J Photon scattering & integrated
photography
Rambo [16] 1D-Mutli fluid simulations Collision parameter (¢) defined
defined
Rambo [21] MC-PIC simulations Multi-fluid collisional coupling
coefficients defined
Rancu [22] Nd:glass laser, 0.53 pm, X-ray spectrography
600 ps, ~20 J
Harilal [23] Ruby laser, 0.69 pm, XUV pinhole photography
15 ns, 6 J & spectroscopy
Zhang [24] Nd:YAG, 1.06 pm,7 ns, 160 mJ Interferometry
Dardis [25] Nd:YAG, 1.06 pm, Optical Emission
170+ 20 ps, 200 mJ Spectrography (OES) &
fast imaging
Hough [19] Nd:YAG, 1.06 pm, OES and fast imaging
6 ns, 600 mJ
Harilal [26] Nd:YAG, 1.06 pum, OES and fast imaging
6 ns, 140 mJ
Ross [27] OMEGA laser, 0.35 pm, Thomson scattering
1 ns, 500 J

Sanchez-Ake
28]

Gambino [29]
Gupta [14]
Cummins [30]

Yang [31]

Bupesh [32]
Zastrau [33]

Alamgir [34]

Nd:YAG, 1.06 um, 8 ns, 50 mJ,
KrF, 0.24 pm, 30 ns, 150 mJ
Nd:YAG, 1.06 pm,

6 ns, 800 mJ

Nd:YAG, 1.06 pum,

8 ns, ~ 50 mJ

Nd:YAG, 1.06 pum,

7 ns, 650 mJ

Nd:YAG, 1.06 pum,

15 ns, 15 mJ

Nd:YAG, 1.06 pm, 10 ns, ~ 30 mJ
MEC laser @ SLAC,

0.52 pm, 5 ns, ~ 6 =1 J
ND:YAG, 1.06 pgm,8 ns, ~ 100 mJ

OES and fast imaging

OES, fast Imaging and langmuir
probe
OES and fast Imaging

OES and time integrated
Imaging

Shadowgraphy, Schlieren
and Interferometry

OES and fast Imaging
X-ray scattering and
MULTT 2D simulations
OES and fast Imaging
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3. Dynamics of two counter propagating plasma plumes collision in air

previous experimental and Numerical work on colliding plasma plumes in vacuum and air
with different target geometries. The interaction of colliding plumes have been studied
by spectroscopic, fast photography (imaging) [15, 35] and laser interferometry methods
[19]. Rumsby et. al. [15] proposed models to explain the interaction of colliding plasmas
based on the classical ion-ion collision interactions in high density plasma ( at initial time
scales) and electron-electron or electron-ion collision interactions for low density plasma
(at latter time scales). Experimentally they measured density and temperatures of initial
and latter plasmas using photon scattering. Rambo et. al. [16] investigated the two
colliding plasma plumes using single fluid and multi fluid models and studied double foil
configuration experimentally to improve X-ray laser performance. Dardis et. al. [25]
characterized the stagnation layer in terms of collisional geometry and elemental compo-
sition using optical emission spectroscopy. Harilal et. al., [26] investigated experimentally
the jet formation in laterally colliding plasma plumes and concluded that the plasma life
time and spatial expansion of plasma is enhanced in colliding plasma than single plasma.
Theoretically, Sizyuk et al. [12] confirmed the jet formation due to colliding plasma. Most
of the researchers studied the interaction of laterally (radially) expanding plasma plumes
(11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22] while the laser beams were propagating along
Z-axis. Lim et al. [36] reported the instability and reconnection leading to fundamental
changes in the topology of flows and their variation with Reynolds number in the head
on collision of two vortex fluid rings. Gupta et. al. [14] reported the interaction of
collinearly expanding ZnO plumes and compared the spectroscopic properties of colliding
plumes with that of from a single plume. A one to one correlation between spectroscopic
signal and fast imaging was demonstrated concluding that though the temporal evolution
of electron density is similar in both the cases the temperature is high for colliding plumes
than that of from a single source. Bupesh Kumar et. al. [32], investigated the shock-shock
interaction in laterally colliding laser blow off plumes. But all of these studies are done

in vacuum with different target geometries and different seed plasma properties.

The temporal expansion dynamics of a laser-produced plasma in ambient gas is very
different to that of a plasma expanding in vacuum. The laser Ablation into a gas results in
shock waves and expansion fronts as well as plume splitting, plasma rolling and sharpening
effects that are not seen in vacuum. Very little work has been done on the expansion
on the interaction of colliding plasmas in ambient air. Two studies can be highlighted:
Zhang et. al. [24] reported the colliding plasma plumes in air, where the seed plasmas
are formed by tilting the laser focusing lens to create spherical aberration. Due to the
interaction of two laterally colliding shock waves, background gas stagnation layer was
formed which enhanced the gas density as well as the electron density also. Yang et.
al. [31] also reported the background gas stagnation due to the shock waves interaction.

After the interaction, both the shock waves are reflected from the interaction zone and
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3. Dynamics of two counter propagating plasma plumes collision in air

propagated along opposite to laser direction. Due to transfer of energy from seed plasmas
to the shock waves at initial time scales, causing them (both plasma sources) not to have
enough kinetic energy and thermal motion. However other work by Sanchez-Aké [28] is
also worth noting that, they reported the electric signal based on the external electric
field perturbation for different geometries and separation between plasmas. In view of
the availability of limited studies on the interaction of plasma plumes in ambient air,
the interaction of two counter propagating laser induced plasma plumes and the shock
waves in air created by a second harmonic of Nd:YAG laser pulses of 7 ns pulse width
is presented in this chapter. Since the interaction of colliding plumes at the interaction
zone will depend on the collisionality parameter (), the collisionality parameter can be
changed experimentally by two important ways: (i) changing the separation between the
seed plasmas, (ii) changing the particle number density in the seed plasmas by varying
the laser energy. So, the effect of (i) separation distance ’d’ between two plasma sources
and (ii) the input laser pulse energies that created the seed plasmas, on the interaction
dynamics of two counter propagating plasma plumes is presented. The separation distance
'd’ is varied from 0 — 6 mm and the input laser energies are varied in the ratio of 1:1, 1:1.7,
1:3.7. This mimic the collision of fluids with varying impedances Zg; ~ Zgo, Zs1 < Zso
where Z = pu is the impedance due to the plasma sources with 'p’ being the plasma

density and 'u’ the velocity of the plasma in the medium.

3.2 Experimental Details

The detailed experimental schematic for the interaction of two counter-propagating plasma
plumes in air is described in chapter 2. The second harmonic (532 nm) of Nd: YAG Laser
beam of 7 ns (FWHM) pulse width and 8 mm diameter is divided into two beams of dif-
ferent energies using beam splitters of different Reflection and Transmission (R:T') ratios.
The two beams are focused using Plano-convex lenses of equal focal length (L1 = L2 =~
75 mm) to get two collinear counter-propagating plasma sources of different energies de-
posited around their respective focal planes in ambient air. The two seed plasma sources
are represented by S1, S2 and their corresponding shock fronts by SF1, SF2 and plasma
outer regions (or contact fronts) by POR1, POR2 respectively. Since the interaction zone
will depend on the collisionality parameter (), we have changed collisionality parame-
ter by (i) changing the separation between the seed plasmas, (ii) changing the particle
number density in the seed plasmas by varying the laser energy. The energy of the laser
pulse creating the plasma source S1 is kept constant at 25 £+ 0.5 mJ in all cases, while
the energy of the laser pulse creating the source S2 is varied as 25 + 0.4 mJ, 41 +1.2
mJ and 92 + 1.5 mJ with corresponding intensities ~ 2.3 - 8.5 x 10 ' W/cm? using
the beam splitters with R:T::50:50, R:T::40:60 and R:T::20:80 respectively. The energy
of the two laser pulses measured before the focusing lenses (L1 & L2) having energy

ratios 1:1, 1:1.7 and 1:3.7 creates two plasma sources which resembles two media with
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3. Dynamics of two counter propagating plasma plumes collision in air

different impedances i.e., Z = pu; where 'p’ is the density of the plasma and ’u’ is the
shock velocity. The optical path lengths travelled by the counter-propagating beams is
made equal before focusing to ensure that both the pulses arrive at same time at their
respective focal planes to generate breakdown of atmospheric air creating the expanding
plasmas. The separation distance 'd’ between two plasma plumes is varied systematically
by using translational stages (T1 & T2), which moves the focusing lenses (L1 & L2) in
equal distance from the focal plane of both the lenses. The two plasma sources overlapped
spatially at d=0 mm (i.e., the point where the focal plane of two lenses coincide) as shown
in Figure 3.1(a-c). At d=0 mm, though two plasma sources are present, it looks almost
similar to that of a single source. The interaction dynamics of the colliding plasmas is
imaged through the defocused shadowgraphy technique [27, 28, 29] by using an ICCD

camera with 1.5 ns temporal resolution.

S1 of colliding S2 of colliding

| ! 1
plasma I~ g’_é,l___‘%“) plasma

d =2 mm

j d =0 mm

:S2=1:
S1 of colliding S2 of colliding

plasma - — plasma
d =0 mm

S1 of colliding S2 of colliding

plasma . plasma
)

Figure. 3.1 Time integrated CCD images of two counter-propagating colliding plumes
with varying separation distance ’d’ and for energy ratio (a) S1:52=1:1 (b) S1:52=1:1.7
(c) S1:52=1:3.7

43



3. Dynamics of two counter propagating plasma plumes collision in air

3.3 Time integrated imaging of the two counter

propagating plasma plumes collision
The time integrated images captured using CCD (Ophir Spiricon SP 620U) camera are
shown in Figure 3.1 for different impedance ratios with varying separation distance (d).
From the CCD images, we can visualize the spatial evolution of the plasma systematically,
with the variation of separation distance (d) from the d=0 mm line. Although S1 is kept
at constant energy, the intensity profile of S1 is observed to change from image to image
(Figure 3.1 (a-c)) as more optical density filters were used to avoid saturation of CCD
due to high energy of S2. The two bright spots appearing around S1 and S2 are due to
the asymmetric laser energy deposition at the focal volume. The breakdown of the air
medium happens during the leading edge of the laser pulse and the trailing edge interacts
with the air plasma (since sufficient free electrons are available at this point). As a result,
the plasma front moves continuously towards the lens until the termination of the laser
pulse, leading to an asymmetric energy deposition [37, 38]. The plasma temperature,
pressure and mass densities in these regions (in two spots) forms localized hot spots in

the plasma region, which lead to the hydrodynamic instabilities [39, 40, 41].
3.4 Fast imaging of the collision of two counter
propagating plasma plumes with different

energy ratios
The interaction of the two colliding plasma plumes with different energy ratios with
separation distance d= 4 mm is visualized using the self emission study using ICCD fast
imaging. Figure 3.2 (a-d) shows the temporal evolution of the plasma self emission (2D
emission) from from a single source at 25 mJ (first column) compared to two counter-
propagating laser induced plasma sources of separation distance (d=4 mm) with energy
ratios S1:52=1:1 in the second column, S1:52=1:1.7 in the third column and S1:52=1:3.7
in the fourth column at t=2, 6, 10, 14, 18, 22, 26, 30, and 50 us, respectively. The vertical
lines in the second, third and the fourth columns represent d=0. For self emission study
the Andor ICCD camera along with Nikon 85 mm f/1.4D infinity corrected zoom lens is
used to image the collision of the two plasma plumes for delays 400 ns to 50 us with a
step size of 400 ns. The gate width (2 ns to 15 us) and gain (100 to 250) of the ICCD

camera is adjusted such that we get a proper image of the colliding plasma plumes.

From the Figure 3.2 (a), it is evident that the single plasma source (S1=25 mJ) evolution
morphology is an oblate at initial time scales < 3 us and it is becomes spherical around ~
10 us and becomes prolate at later time scales > 10 ps. The same behaviour is observed in
the case of the colliding plasma plumes until the discontinuity or jetlet evolution observed

as shown in Figure 3.2 (b-d). In the case of equal energy, we have not observed plasma
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Single source (25 mJ) S1:82=1:1 S$1:52=1:1.7 S1:82=1:3.7

Figure. 3.2 Temporal evolution of 2D emissions from (a) a single source at 25 mJ
compared to two counter-propagating laser induced plasma sources of separation
distance (d=4 mm) with different energy ratios (b) S1:52=1:1 (c¢) S1:52=1:1.7 (d)
S51:52=1:3.7 respectively.

jetlet formation until the time scales used in this chapter i.e., 30 us but beyond 30 us
we have observed the jetlet formation from both the sources as shown in Figure 3.2(b).
This is due to collision of plasma plumes in the counter propagating direction and the
resultant line of force acts along 180° to the collision plane of the both sources [42]. In
the case of the unequal energy ratio sources collision, due to the higher energy of the

plasma source S2, the self emission from the S1 plasma sources is fainted In the case
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of the S1:52=1:3.7 energy ratio, it is more evident. To overcome this problem, we have
done image processing of the captured images to enhance the self emission intensity as
shown in Figure 3.2 (c-d). The images towards left of the vertically dotted line shows
the processed images using Andor ICCD camera software (Solis®). From the Figure 3.2
(c-d), the plasma jetlet evolution is observed due to discontinuity created by the collision
of the two unequal energy ratio plasma sources (S1:52=1:1.7, 1:3.7). The plasma jetlet
evolution is observed more prominent after 10 us only and it is higher for S1:52=1:3.7
energy ratio than S1:52=1:1.7 case. At longer time scales, we can observe the plasma
jetlet in the shape of a bubble. This study confirms the plasma jetlet formation from the
low energy plasma source (S1) due effect of the other plasma source S2. The reason behind
the plasma jetlet formation and its evolution is revealed by the shadowgraphy imaging
of the collision two counter propagating plasma sources, which is discussed in the next
section ( Section 3.5). From the captured self emission images of the individual plasma
sources as well as the collinearly interacting two counter-propagating plasma sources, we
have calculated plasma properties like diameter, length of individual S1 and S2 for all
input laser energy ratios. The FWHM of the line profiles of the plasma sources (from
ICCD images) along the laser axis and the radial direction at 1 us are taken as the plasma
length and plasma diameter, respectively. Table 3.2 summarizes the plasma dimensions
for each input laser energy ratio used in the study. The values are the average of plasma
dimensions at each separation distance (d). No significant variation in the plasma length

and diameter were observed with the separation distance 'd’.

Table 3.2 Plasma dimensions of S1 and S2 for different input energy ratios from 2D

emission images captured using ICCD at a delay 1 us.

Input Absorbed Input Absorbed Plasma Plasma

Energy Energy Energy Energy Length Diameter
(mJ) (mJ) (in %) Ratio  Ratio (mm) (mm)

25404 1241 (~48) 1:1 1:1 1.464+0.2 1.0940.05
414+1.2 22541 (~55) 1:1.7 1:1.9 2.26+0.2 1.16%0.05
92+1.5 5941 (~64) 1:3.7 1:4.9 3.41£0.2 1.23+£0.05

From Table 3.2, the plasma length, diameter of S1 and S2 were observed to vary between
1.46 — 3.41 mm and 1.09 - 1.23 mm, respectively, with increasing the energy. Based on
the minimum length of each plasma source, the interaction dynamics are further divided
into interaction of closely separated sources (d < 2 mm), interaction of well separated
sources (d=4 mm) and interaction of far separated sources (d> 6 mm). The evolution
dynamics of the individual sources are labelled as: 751 single” and "S2 single”, while
counter-propagating colliding plumes are labelled as: 751 of colliding plasma” and 752 of

colliding plasma”, respectively. The interaction of colliding plumes in counter-propagation
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3. Dynamics of two counter propagating plasma plumes collision in air

geometry is studied and compared along + Z, + Y directions to understand the effect of
varying impedance ratio and the separation distance (d) between two plasma sources on

the collision geometry.
3.5 Shadowgraphy imaging of the two counter

propagating plasma plumes collision
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Figure. 3.3 Temporal evolution of single plasma source with varying energy (a) 25 mJ
(b) 41 mJ (c) 92 mJ

The interaction dynamics are divided into two parts: the interaction of equal energy

plasma sources (S1:52 & 1:1) and unequal energy sources (S1:S2 ~ 1:1.7, 1:3.7). For both
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3. Dynamics of two counter propagating plasma plumes collision in air

the cases, the interaction dynamics are studied as a function of separation between the seed
plasma sources. The properties of these two colliding plasma sources are compared with
single plasma sources generated individually with their corresponding laser energy. The
evolution of plasma and the associated shock wave of the individual single plasma (S1) are
captured by blocking the other source (S2) and vice-versa. The shadowgraphy images of
single source for different laser energies are shown in Figure 3.3. The evolution dynamics
of Plasma Core (PC), Plasma Outer Region (POR) or Contact Front (CF) and Shock

Wave Fronts (SF) from single source are explained by our earlier work [39, 40, 41, 43].

The seed plasma sources have the average temperature of ~ 15000 K, where the ionized
air will have both neutral N and O atoms and their respective singly ionized species of N*
and O%. The ratio of neutral atoms to the singly ionized species in the air composition is
~2.93 and 4.77, respectively [38]. Hence the electron-ion (e-i) and electron-neutral (e-n)
interactions will play a crucial role in the plasma dynamics. The plasma front mass density
(p) and its speed (Upiasma) during the early times (100 - 500 ns) have been estimated
from 2D-radiation hydrodynamic simulations considering the inverse Bremsstrahlung (IB)
coefficient due to e-i and e-n interactions for the laser absorption in the focal volume while
arriving at the temporal behaviour of the electron temperature and density [40, 41]. For
the laser input energies 25, 41 and 92 mJ, the values are found to be varying between
~ 4.3 — 3.0 kg/m? and 8.2 — 2.8 km/s, 9.1 — 3.0 km/s, and 11 — 3.3 km/s, respectively.
The impedance Z = pUpigsma, during these time scales (100-500 ns) were found to be
between 2.6 — 1.1 x10%, 2.7 — 1.2 x10* and 3.3 — 1.4 x10* kg/m?s, respectively for 25,
41 and 92 mJ. This clearly shows that the plasma impedance increases with increasing
input laser energy. Hence, the two plasmas formed in the energy ratios 1:1.7 and 1:3.7 will
have different impedances when they interact with each other. In our study the plasma
interaction happens on the time scales > 2 us. At this time scale the shock wave starts to
detach from the plasma. This leads to the oscillatory behaviour of plasma, analogous to
that of cavitation bubble following Rayleigh-Plasset equation with the pressure gradient
between the plasma and the ambient atmospheric air as the source term [39]. In the
interaction of two colliding plumes, the electron mean free path (mfp) plays an important
role at early time scales for formation of stagnation layer. The mfp in ambient air is
given by the relation, [(ecm) = (kT)?/(ne'inA), which depends on plasma temperature,
number density, and Coulomb logarithm. As the temperature increases, the number of
free electrons increases and the mfp is predominantly controlled by the temperature of the
plasma. The decrease in the mfp length signifies the increase in number of collisions [38].
The mfp for electrons in ambient air is ~ 6 microns, which is well within the focal volume
of the laser beam. According to the recombination model [44], the loss of plasma by
recombination is proportional to the product of electron and ion number densities. After

the plasma density becomes lower than its initial value, it decays reciprocally with time.
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3. Dynamics of two counter propagating plasma plumes collision in air

At the input laser intensities used in our work, the number of charged species and their
velocities in the under dense plasma are relatively lower and making the collision of charge
particle-neutral dominant. In the atmospheric plasmas, the oscillating charged species,
colliding with neutrals of mass almost closer to that of the ions, result in emissions of
RF frequencies over MHz range, that are closer to the ion plasma frequencies [45]. These
collisions depend on the initial plasma parameters like temperature and density, and in
turn vary the pressure gradient between the plasma leading to the onset of cavitation
bubble-like dynamics that sustain up to 30 ps. The plasma core of the laser induced
breakdown (LIB) plasma in ambient atmosphere is observed to sustain up to 4-5 pus and
once the shock wave detaches from the plasma, it is observed to oscillate up to 200 us for
ns LIB [39, 46]. Though the plasma decays very quickly, the energy transferred to the

ambient air leads to a hotter zone (contact front) that oscillates up to 30 us.
3.6 Collision dynamics of two counter propagating
plasma sources with separation distance (d) < 2

mm
When two laser pulses are focused at the same position i.e., d=0 mm or with separation
of 1 mm (d=1 mm) between the two plasma sources, we have observed a merged colliding
plasma source. Figure 3.4 (a-d) shows the shadowgrams of the temporal evolution of the
two counter propagating plasma source interaction with separation distance (d)=1 mm

for equal and unequal energy source ratios compared to the single plasma source (S1).

S1:82 =1:3.7 o

Figure. 3.4 Shadowgrams of the temporal evolution of the (a) single plasma S1
evolution; colliding plasma sources of (b) equal and (c-d) unequal energy ratios with d=

1 mm
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3. Dynamics of two counter propagating plasma plumes collision in air

From the Figure 3.4 it is evident that, we have not observed any stagnation layer because
of complete overlap/merger of two plasma sources into one. The merged plasma source
and its shock wave evolution is similar to the single plasma source evolution (S1/S2)
except that the plasma morphology is elliptical in the case of colliding plasma plumes
rather than spherical as in the case of single source (S1/S2). Figure 3.5 (a-h) shows
the temporal evolution of the plasma contact front/PORs radius in the case of colliding
plasma plumes with d=0, 1 mm for equal and unequal energy source ratios compared to

the single plasma source S1 and S2 PORs radius.
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Figure. 3.5 The temporal evolution of the POR of the two counter-propagating
colliding plumes with varying separation distance 'd’” compared to the individual plasma
sources (S1/S2) (a-d) S1:52=1:1 (e-f) S1:52 = 1:1.7 (g-h) S1:S2 = 1:3.7
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3. Dynamics of two counter propagating plasma plumes collision in air

Figure 3.5 (a-d) shows the temporal evolution of the plasma contact front (CF) radius
value for d= 0, 1, 2 mm compared to the single plasma source S1 in the case of the equal
energy ratio (S1:52=1:1). From the observed data, it is evident that the CF/POR radius
values are increased in all directions (£ Z, +Y) in the colliding plasma sources than single
plasma source S1/S2, because of the laser deposited energy at the focal volume is doubled
in the colliding sources that lead to the increment. The increment in the PORs radius
value follows the trend: d=1 mm > d=0 mm > d=2 mm along + 7 direction while it
follows d=0 mm > d=1 mm > d=2 mm along + Y direction. So the plasma morphology
is elliptical for collision of plasma plumes with d > 0 mm. Figure 3.5 (e-f) shows the
temporal evolution of the plasma contact front radius for d= 0, 1 mm compared to the
single plasma source S1 and S2 in the case of the unequal energy ratio 1:1.7 (S1:52=1:1.7)
along laser propagation direction (£ Z). In this case, the POR radius of the colliding
plasma plumes with d= 0, 1 mm are higher than the single plasma source S1 and S2
values. The increment in the PORs radius is almost similar for d=0,1 mm along -Z
direction, but it is higher for d=0 mm than d= 1 mm along +Z direction when compared

to S1 and S2 single sources.

Table 3.3 Maximum increment of plasma and shock wave properties in counter

propagating colliding plumes along laser axis (the corresponding time scales are given in

bracket)
S1:S2 d CF Radius (mm) SF Velocity (km/s)
-Z +2 -Z +2Z
1:1 Omm 0.59 [10 ps] 0.61 [11.6 ps] 0.48 [0.8 us] 0.49 [0.8 us]
(comp. to S1) 1mm 0.7 [7.2 us] 0.76 [11.6 us] 0.63 [0.8 us] 0.77 [0.8 us]
1:1.7 Omm 0.68 [12 us]  0.85 [14 ps]  0.59 [0.8 us] 0.59 [0.8 us]
(comp. to S1) 1 mm 0.68 [7.6 us) 0.73 [14 us]  0.56 [0.8 ps] 0.49 [0.8 us]
1:1.7 Omm 045 [12 ps]  0.59 [7.6 ps]  0.41 [0.8 ps] 0.41 [0.8 ps]
(comp. to S2) 1mm 0.5 [16.4 us] 0.5 [7.6 pus]  0.38 [0.8 us] 0.31 [0.8 ps]
1:3.7 Omm 1.00[14 ps] 1.34 [17.2 us] 0.3 [2us] 0.4 [2 s
(comp.to S1)  1mm 0.5 [14 us] 0.83 [17.2 us] - 0.15 [2 ps]
1:3.7 Omm 0.27 [16 ps] 0.48 [17.2 pus] 0.1 [1.2 ps] 0.2 [1.2 ps]
(comp. to S2) 1 mm - - - -

Figure 3.5 (g-h) shows the temporal evolution of the plasma contact front radius for d=
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3. Dynamics of two counter propagating plasma plumes collision in air

0,1 mm compared to the single plasma source S1 and S2 in the case of the unequal energy
ratio 1:3.7 (S1:52=1:3.7) along laser propagation direction (£ Z). When compared to S1
source, the POR values of the colliding plasma plumes are increased for d=0 mm for all
time scales, but for d=1 mm the increment is observed between 6 to 27 us time scales along
-7Z direction, while the POR values of the colliding plasma plumes increased for both d=0,
1 mm along +Z direction for energy ratio 1:3.7. When compared to S2 source, the POR
values of the colliding plasma plumes are increased for d=0 mm but they decreased for
d=1 mm along + Z direction. The corresponding shock wave analysis also revealed that,
the increment in the shock front (SF) velocity is observed only at the initial time scales.
The maximum increment in CF radius and SF velocity for both cases is summarized in
Table 3.3.

3.7 Collision dynamics of two counter propagating
plasma sources with equal energy ratio and d >

2 mm
In this case the laser input energy of both the sources S1 and S2 is kept at 25 mJ per pulse
and the dynamics of POR and SWs are studied by varying ’d’” over 2 mm, 4 mm and 6
mm. The experimentally obtained shadowgraphy images of the two counter propagating
plasma plumes of equal energy ratio for d = 2, 4, 6 mm at different time scales are shown

in Figure 3.6 (a-c).

The two plasma sources with separation of ’d” between them, expands into ambient air
at initial time scales (up to 2-6 us) and interacts at the interaction zone (d=0). Due
to the collision of two plasma sources, a hard stagnation layer [10] is formed and the
electron density builds up at the interaction zone as shown in Figure 3.6 (b). According
to Dardis et. al. [25], if ion-ion mean free path is smaller compared to the separation
distance between the two seed plasmas a hard stagnation layer is formed, where two
plasmas decelerate with little or no penetration. In the equal energy ratio (S1:52 = 1:1)
case, a similar hard stagnation layer is observed (Figure 3.6 (a-c)), where the interaction
of two PORs is dominated by collisions between internal species of plasmas. Although
the PORs stagnate at the interaction zone, the corresponding shock waves SF1 & SF2
penetrate through each other plasma/shock wave. Due to the propagation of SF1 through
S2 and SF2 through S1, bright spots moving towards each other PORs of S1 and S2 from

the stagnation layer are observed, which we call as Plasma Jet (Figure 3.6 (b)).

The shock wave from one plasma plume propagating through another plasma plume com-
presses the particles in that plasma plume, creating the plasma instabilities along its prop-
agation direction. Due to these instabilities the local temperature is increased, changing

the interaction dynamics at the interaction zone leading to the plasma Jet. The energy
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3. Dynamics of two counter propagating plasma plumes collision in air

O
A_S

Figure. 3.6 Temporal evolution of interaction of two counter propagating colliding
plasma sources of equal input energy (a) for d= 2 mm, (b) for d=4 mm and (c) for d=6
mm at t=2, 6, 10, 20, 30 us

transfer from the ions to the electrons and the equilibration of their temperatures takes
place, post propagation of the shock wave through the plasma (S1 and S2) over compar-
atively longer time scales [24, 38]. During the interaction of counter propagating plasmas
or shock waves, due to momentum conservation, the plasma jet dynamically shifts and we
can observe the plasma jet on both sides of the stagnation layer [26]. As both the shock
waves are interacting in the counter-propagating direction, which is also the laser prop-
agation direction, the line of force is also observed along the laser propagation direction
(+Z and — Z) [42]. Hence, we can observe the plasma jet on both sides of the stagnation
layer. The evolution of the plasma jet is observed to depend on the impedance of the two
sources. If both the plasma sources have equal impedance, the plasma jet is visible in
both PORs along their corresponding laser propagation direction [42]. Since both plasma
sources have equal energy, we have observed the initiation of discontinuity in both POR

of S1 (along -Z direction) & S2 (along +Z direction) for d=4, 6 mm separation distance
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3. Dynamics of two counter propagating plasma plumes collision in air

as shown in Figure 3.6 (a,f) at longer time scales (> 10 us) but it is not resulted into
the jetlet evolution within the observed time scales in the study i.e., 30 us. But the fast
imaging of plasma emissions from the colliding plasma with equal energy at d= 4 mm,
showed (or confirmed) the plasma jetlet evolution from both the plasma sources S1 and

S2 for time scales > 30 s as shown in the Figure 3.2 (b).
3.7.1 Plasma Outer Region (POR)/ Contact Front (CF)

Evolution

i

Shock.Fron
(69]

¥ 8

3 mm

M 30ps.

Ry R
Hard Stagnation layer

d =6 mm Plasma jet

Figure. 3.7 Temporal evolution of the interaction dynamics of shock waves and the
plasma in the counter-propagating configuration with sources of equal input energy

(a-h) for d=2 mm (closely separated sources) (i-p) for d=6 mm (far separated sources)

Figure 3.7 (a-d) shows the shadowrams of the temporal evolution of the colliding plasma
sources at d=2 mm separation distance and Figure 3.7 (e-h) shows the corresponding
2D emission images for t=2, 14, 22 and 30 us time scales. For the case of d = 2 mm,
the outer regions of the plasmas start interacting at earlier time scales of 2 us and the
stagnation layer remains intact for quite longer time scales up to 30 us despite the shock
waves due to S1 and S2 propagating through each other’s plasma plume. When a shock
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3. Dynamics of two counter propagating plasma plumes collision in air

wave passes through the plasma, it heats only the ions, while the electrons remain cold.

The energy transfer from ions to electrons and equilibration of their temperatures takes

place down streaming of a shock wave over comparatively longer time scales [37, 41]

which is observed as plasma jet as indicated in Figure 3.7 (k).

For d=2 mm there is

no formation of plasma jetlet/discontinuity in both PORs along -Z direction of S1 and
+7 direction of S2 because the total length of both plasmas (Table 3.2) is more than

the separation distance (d) between them, as there is not enough time for both plasmas

to fully expand and interact with each other upto the observed time scales. Figure 3.8
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Figure. 3.8 Time evolution of Contact Fronts (PORs) of S1 and S2 of colliding plasmas
(a-d) S1= 25 mJ and (e-h) S2=25 mJ (energy ratio 1:1) with d = 2, 4, 6 mm compared

with respective single source along +7, +Y directions (circled portion shows the

discontinuity in S1 as well as in S2 caused by interaction of two equal energy sources).
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3. Dynamics of two counter propagating plasma plumes collision in air

(a-h) shows the temporal evolution of POR of S2 (25 mJ) of colliding plasma with its
respective single source (25 mJ) (S2) along +7, £Y directions. At initial time scales
(up to 4-6 pus), the POR of S1 & S2 expands with high velocity into ambient air due to
the predominant collisions between their internal species. At later time scales (> 6 us),
the collision between internal species of S1 & S2 and ambient air are predominant which
decreases the POR velocity of S1 & S2 as seen in Figure 3.8. The two expanding PORs of
S1 & S2 interact and try to interpenetrates each other. Due to the equal energy ratio of
S1 and S2, the interacting plasma plumes forms a hard stagnation layer at the interaction
zone (47 direction of S1 and -Z direction of S2) up to 30 us. Figure 3.8 (b & e) confirmed
the formation of stagnation layer at the interaction zone. The POR radii of colliding
plasmas S1 & S2 is more when compared to their respective single source POR in all
directions except at the interaction zone over 10 — 30 us time scales. At the interaction
zone, due to the hard stagnation layer the POR radii is almost constant and the resultant
momentum is conserved by increasing the POR radii of S1&S2 as shown in Figure 3.8
(a-h), with more POR radii along £+ Y direction than £ Z directions. This indicates that
the plasma energy expands more along the transverse direction at the interaction zone
leading to the decrease in the POR radii of both sources at the interaction zone compared
to single source radii. The difference in the POR radii of single source and colliding
plasma (-Z direction of S1 and +7Z direction of S2) along their respective directions gives
an insight into the formation and evolution of small discontinuity in POR of source(s)

called as Plasma Jetlet.

For d=4 mm, at the interaction zone an oscillating hard stagnation layer is observed.
Due to the momentum conservation, the POR radii of both sources increase along all
directions except at the interaction zone. In this case, we have observed the initiation of
discontinuity in both POR of S1 (along -Z direction) & S2 (along +Z direction) around ~
16 to 17 us because of the equal energy of the plasma sources as shown in Figure 3.8 (a, f).
Although we observed the increase in the POR radii, the POR radii is either decreasing
or constant with time which confirms the initiation of plasma jetlet but it is not evolved
upto the observed time scale i.e., 30 ps. In this case, the maximum observed difference
of POR with respect to that of a single source is around 0.25 mm (in POR of S1) to 0.2
mm (in POR of S2).

Figure 3.7 (i-1) shows the shadowrams of the temporal evolution of the colliding plasma
sources at d=6 mm separation distance and Figure 3.7 (m-p) shows the corresponding
2D emission images for t=2, 14, 22 and 30 us time scales. In the case of d = 6 mm,
the PORs are not physically in contact with each other and the shock waves of both
the sources pass through each other’s POR as shown in Figure 3.7 (i-p). Around the
interaction zone, the expansion of the POR is restricted almost up to 20 us forming a

non-contact stagnation layer. By 30 us, the PORs show a small bump indicating that the
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3. Dynamics of two counter propagating plasma plumes collision in air

plasma and the shock wave are trying to inter-penetrate into each other. For d=6 mm,
the hard stagnation layer is observed at 7.6 us after which the two sources are apart and
act like individual sources. The evolution of less enhanced plasma jet is due to the higher
separation distance between the two sources leading to a very small momentum/energy
transfer between both PORs. Due to momentum conservation, we observed an increase
in PORs radii of both sources along all directions except at the interaction zone. The
sharp rise in the POR radii leading to the plasma jeltlet along -Z direction of S1 and +7Z
direction of S2 is observed around ~ 10 to 11 us as shown in Figure 3.8 (a, f). But it is
not resulted in the jetlet evolution within the time scales used in the experimental study.
In this case, the maximum observed difference of the POR with respect to that of a single
source is around 0.15 mm (in POR of S1) to 0.3 mm (in POR of S2).

Overall, in the case of equal energy sources, for d= 2 mm, the POR radii of both sources
is increased along all directions except at the interaction zone. For d=4, 6 mm, we have
observed the opposite behaviour of the POR radii of S1 & S2 along + Z directions and
similar behaviour along + Y directions. In the interaction zone, the POR radii of S1&S52
are smaller than their respective single source radii for all separation distances, but after ~
20 ps they are similar for d=4, 6 mm except in the d=2 mm case (Figure 3.8 (b,e)). This
clearly indicates the interaction of counter propagating shock waves and the dynamic
energy exchange between them evolving with time and separation of the two sources.
We have observed a maximum increase of ~ 0.3 mm in the POR radii of both plasmas
(S1&S2) along all directions due to the plasma jet enhancement from stagnation layer
over the time. Although we observed the increment in the POR of S1 and S2 at longer
time scales, it is not resulted in to the jetlet evolution over the observed experimental

time scales.

3.7.2 Shock Front (SF) evolution

The creation of two plasma sources S1 and S2 has led to the interaction of two counter
propagating, collinear shock waves along the laser propagation axis. In our experiment we
have observed that these two counter propagating shock waves (SF1/SF2) influence the
evolution of the other plasma source depending on the energy and separation between the
sources due to which the plasma jet/jetlet is formed. In this section we present the effect
of stagnation layer formation and variation of separation distance on the shock waves in

the case of equal energy sources.

Figure 3.9 (a-h) shows the temporal evolution of shock front (SF) due to S1 (25 mJ) and
S2 (25 mJ) of colliding plasmas with their respective single source SF radius along 47,
+Y directions. For all the other directions, the SF radii of S1 and S2 colliding plasma
looks almost similar to their respective single source SF radii in case of equal energy ratio
sources over observed time scale (30 ps). For all separation distances d= 2, 4, 6 mm,
at the interaction zone (i.e., +7Z direction of S1 and -Z direction of S2), the SF radii of
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Figure. 3.9 Time evolution of Shock Fronts (SFs) of colliding plasma sources (a-d) S1=
25 mJ and (e-h) S2=25 mJ (energy ratio 1:1) with d= 2, 4, 6 mm compared with

respective single source along +7, £Y directions

colliding plasma is less than the SF radius of single source due to presence of other plasma
source (S2 or S1). This indicates that the shock wave of S1 or S2 travels through the
plasma generated by source S2 or S1 leading to reduced shock expansion (Figure 3.9 (a,
b)). This is indicated by the formation of hard stagnation layer as shown in Figure 3.8
(a). The SF radii of S1&S2 decreased along —7Z direction of S1 and 47 direction of S2.
The SF evolution is observed to change slightly along +7 directions while it is increased
along -Y direction of S1 & S2. The SF radii of S1 is increased along +Y direction while
SF' radii of S2 is decreased.
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3. Dynamics of two counter propagating plasma plumes collision in air

3.8 Collision dynamics of two counter propagating
plasma plumes with unequal energy ratio and d

> 2 mm
In the case of unequal energy ratio, the laser input energy of the sources S1 is kept at 25
mJ per pulse and the energy of S2 was varied (41, 92 mJ). Figure 3.10 (a-c) shows the
shadowgraphy images of the colliding plasma source interaction for input source energy
ratio of 1:1.7, while Figure 3.10 (d-f) shows the shadowgraphy images of the colliding
plasma sources with energy ratio of 1:3.7 for a separation distance of d = 2, 4, 6 mm
at t=2, 6, 10, 20, 30 us. Due to these unequal energy ratio of S1 and S2 (1:1.7, 1:3.7),
the interacting plasma plumes forms a soft stagnation layer at the interaction zone (+Z
direction of S1 and -Z direction of S2) up to 30 us leading to interpenetration of the
plasma plumes as shown in Figure 3.10 (b,e). Due to the propagation of SF1 through
S2 and SF2 through S1, bright spots moving towards each other PORs of S1 and S2
from the stagnation layer are observed. The shock wave from one plasma plume prop-
agating through another plasma plume compresses the particles in that plume, creating
the plasma instabilities along its propagation direction. Due to these instabilities the
local temperature is increased, changing the interaction dynamics at the interaction zone

leading to the plasma jet as shown in Figure 3.10 (b,e).
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Figure. 3.10 Shadowgrams of the temporal evolution of the interaction of the two
counter propagating plasma sources of unequal input energy ratio (a-c) S1:52=1:1.7
(d-f) S1:52=1:3.7 for d= 2, 4, 6 mm at t=2, 6, 10, 20, 30 us
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3. Dynamics of two counter propagating plasma plumes collision in air

The energy transfer from the ions to the electrons and the equilibration of their temper-
atures takes place, post propagation of the shock wave through the plasma (S1 and S2)
over comparatively longer time scales [24, 38]. Because of the unequal energy of S1 & S2,
the enhanced plasma jet is only observed in low density/energy source (S1). Since the
area of POR of S1 is small compared to POR of S2, the enhanced plasma jet penetrates
into POR of S1 along -Z direction and creates more discontinuity than in the equal input
energy sources case.The evolution of the plasma jet depends on the impedance of the two
sources (Figure 3.10 (b,e)). In the case of plasma sources of unequal impedance, plasma
jet is clearly visible in low impedance source only [42]. When this plasma jet interacts
with other end of POR of S1, it creates a discontinuity in the POR of S1 leading to a
well-known plasma jetlet formation as shown in Figure 3.10 (b,e). The number of charge
species and their velocities in the under-dense plasma are relatively lower and hence the
charge particle-neutral atom collisions are dominant. The under-dense plasma formed in
our case, while expanding gives rise to the charge separation between the electrons and
ions/neutrals, that drift with different velocities [47]. The velocity of electrons higher
than the ions/neutrals leading to the macroscopic charge fluctuations in the plasma. In
this case, the relaxation time for the kinetic energy of the electrons is longer than that
of the average velocity that is governed by a factor of m,,/m., where m,, and m, are the
masses of neutrals and electrons respectively [44, 48, 49]. Thus the charge particle-neutral
atom collisions under the influence of the shock wave from the high energy source S2 lead
to the formation of plasma jetlet at the time scales > 6 us which becomes significant at
later times. Compared to the case of equal energy sources, considerable variation in the

evolution of stagnation layer is observed with increase in separation distance.

Kodama et. al., [50] observed a similar jet formation up to few mm in laterally colliding
plasma plumes. Farley et. al., [51], described this jet like formation at the interaction
zone similar to astrophysical jets with high Mach number. But, both experiments were
performed at laser power density > 10%W/cm?. Harilal et. al., [23] also observed a
similar jet like formation with 1 mm length and 75 pum width using the laser power
density ~ 1077 /cm?. But all these jet-like formations were observed in laterally colliding
plasma plumes with equal energy ratio under vacuum conditions. In our experiment, the
jet like formation in counter propagating plasma plumes in ambient air is observed to be
predominant in the case of unequal energy ratio, with laser power densities ~ 1011 W /cm?.
The laser power densities used are similar to those used in pulsed laser deposition [51]. All
the previous works reported [24, 29, 50, 51] the jet like structures which are conical in shape
(in vacuum), but in our case the jetlet is observed to be in the form of a bubble/circle.
As the jetlet formation takes place at times > 5 pus, the SF from S2 propagates through
S1 and attains a spherical shape with self-similar expansion. Hence, the SF imparts equal

pressure on the plasma source of S1, which at later times leads to the jetlet appearing
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3. Dynamics of two counter propagating plasma plumes collision in air

as bubble/circle shape. The spatio-temporal evolution of this bubble-like jetlet in case of
unequal energy ratio sources with varying separation distance and varying energy ratio is

presented in Section 3.9.
3.8.1 POR/CF Evolution of two counter propagating plasma
plumes with unequal energy ratio and d > 2 mm collision

3.8.2  Sources of energy ratio 1:1.7

Figure 3.10 (a-c) shows the shadowgraphy images of the colliding plasma source interaction
with energy ratio of 1:1.7, for a separation distance of d = 2, 4, 6 mm. Appearance of a
soft stagnation layer allowing the exchange of energy across the interaction zone, can be

seen clearly for all the three separation distances. Figure 3.11 (a-d) shows the shadowrams

% g o % 4 L2 4
Ry 2

Shock Front

d =2 mm

3 mm

Figure. 3.11 Temporal evolution of the interaction dynamics of plasma and shock
waves in the counter-propagating configuration with sources of unequal input energy
ratio S1:92=1:1.7 (a-h) for d=2 mm (closely separated sources) (i-p) for d=6 mm (far

separated sources)

of the temporal evolution of the colliding plasma sources at d=2 mm separation distance
and Figure 3.11 (e-h) shows the corresponding 2D emission images for t=2, 14, 22 and 30
s time scales. For the d= 2 mm case, a clearly separated plasma sources is observed at
the initial time scales 2 to 20 us as shown in the Figure 3.11 (a), which later on merge
into a single one by 30 us as shown in Figure 3.11 (b-d). The corresponding 2D emission

images also shows the same (Figure 3.11 (e-h)). The shock wave evolution is also observed
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3. Dynamics of two counter propagating plasma plumes collision in air

to be similar to that of a single source with a higher energy. Although the POR radius
of plasma source S1 is increased due to the merging, the plasma jetlet formation was not
observed in this case. The 2D emission study also confirms it (Figure 3.11 (b-d). This
clearly indicates the exchange of the energy without resulting in the plasma jetlet. For the
case of d= 4 mm and 6 mm, due to the reasonable separation, the plasma jet is observed
around 10 us and 16 us, respectively, leading to the formation of plasma jetlet. The jetlet
was observed not to detach from the POR of S1 within the time of observation up to
30us.

= S1_single -Z = S1_single_+Z

4 S1_eolliding -Z._ 2mm 4 S1_colliding +Z 2Zmm
# S1_colliding_-Z. 4mim~ ~5k L8 « S1_colliding_+Z_4mm
k-

S1_colliding™~Z_6mm % s "tgcﬁ * S1_colliding_+Z_6mm

% S1_colliding_-Y_é6mm &

.:. 3

-
£
¥

1.8 -
i - i1.5
E ﬁ - P A
L / . 4
E 1.6 [ S’ s ‘
=
R s =
1.4~ 3
g *Wﬁh
= .
= 1.2 . y
m 0 5 10 15 20 25 30
E = S1_single -Y
o 2.0 (C) 4 S1_colliding_-Y_2mm s
o * S1_colliding_-¥Y_4mm =
<=
e
=3
o~
=
=
(=]
&

41 = S1_single_+Y
4 S1_colliding_+¥_2mm
et % S1_colliding_+Y_4mm
1215 1.2 ) . % S1_colliding +Y_6mm
0 5 10 15 20 25 30 0 s 10 15 20 25 30
Time (ps)
r = S2 _single Z [ g = S2_single +Z
2.1 _ 4 S2_colliding -Z 2mm| 20 o & S2_colliding +Z_2mm
-ﬂﬁi’s"" « S2_colliding_-Z_4dmm 1.9 A #"é‘ = S2_colliding_+Z_4mm
1.8 S2_colliding -Z 6mm| !-?F =2 ,?%_' % S2_colliding +Z 6mm
- s i -y - -
‘E‘ 1.5 1.8} :,“?;‘*
£ 12} 1.7} % L
S— 2 s —
@ 0.9} 1.6]= —
- ™ . ;
= 0.6 (e) 1.5} () E*E
“ L " e 1
o 0 5 0 5 10 15 20 25 30
=
= 2.0 2,0
=
5 1.8F 1.8}
]
S 16l 16}
=] = S2 single -Y 3 w S2_single +Y
S 14]3 = sreoaime v amm | |2 A e e
A= % S2_colliding_-Y_dmm d 1 (h) FoTOMURE T
(g) % S2_colliding_-Y_6mm = * SZ_colliding +Y_6mm
£-3
1.2 1.2
S 10 15 20 25 30 0 S5 10 15 20 25 30
Time (us)

Figure. 3.12 Time evolution of Contact Fronts (PORs) of S1 and S2 colliding plasmas
(a-d) S1= 25 mJ and (e-h) S2=41 mJ (energy ratio 1:1.7) with d= 2, 4, 6 mm compared
with respective single source along £7, + Y directions (circled portion shows

discontinuity in S1 caused by interaction of two unequal energy sources)

Figure 3.12 (a-d) shows the temporal evolution of POR of S1 (25 mJ) of colliding plasma
with its respective single source (25 mJ) (S1) along +7, £ Y directions. Figure 3.12 (e-h)
shows the temporal evolution of POR of S2 (41 mJ) of colliding plasma with its respective
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3. Dynamics of two counter propagating plasma plumes collision in air

single source (41 mJ) (S2) along + Z, £ Y directions. Due to the unequal energy ratio
of S1 and S2 (1:1.7), the interacting plasma plumes forms a soft stagnation layer at
the interaction zone (+Z direction of S1 and —Z direction of S2) up to 30 us leading
to interpenetration of the plasma plumes. Figure 3.12 (b,e) confirms the formation of
stagnation layer that remains intact during the observation period. The POR evolution
of S1 (along +7) and S2 (along -Z) is almost constant over the observation time for
d = 2, 4 mm. However, the variation of stagnation layer for d = 6 mm is more due
to the interaction of less velocity PORs of S1&S2 as shown in Figure 3.12 (b,e). Due
to higher energy of S2 than S1, the plasma jet from the stagnation layer with more
momentum/energy reaches POR of S1 quickly and creates plasma jetlet in S1 as shown
in Figure 3.12 (a). In the interaction zone, the POR radii of S1&S2 are very smaller than

their respective single source radii (Figure 3.12 (b,e)).

For d=2 mm the stagnation layer is observed up to 4 us after which, the stagnation layer
is split into two lines with small separation at the interaction zone at 14 us as shown in
Figure 3.11 (b-d)). The two interacting plasma sources look like mirrored 'D’ shape across
the focal plane around 6 to 14 us as shown in Figure 3.10 (a), 3.11 (b), before merging in
to a single one. Though the sources have different energies with small separation distance
between them, both sources merged into a single source at later time scales of 30 us.
Although the POR radius of S1 is increased between 7 to 25 us, we have not observed the
jetlet formation because of the small separation distance and the merging of both sources.
Due to the soft stagnation layer, the radius of POR in interaction zone is almost constant
and less than the single source POR radius. But, the resultant momentum is conserved
by increasing the PORs radii of S1&S2 (Figure 3.12 (a-h)) along all directions except
at the interaction zone. We have also observed the sharp rise in POR radii of S1 from
20 ps along £ Y direction as shown in Figure 3.12 (¢, d). For d=4 mm, the stagnation
layer is almost constant over the observed time of 10-30 us as shown in Figure 3.12 (b,e)
and POR radii of S1&S2 in the interaction zone is smaller than their respective single
source POR radius. The soft stagnation caused the sharp rise in the POR radius of S1
around 17 ps (Figure 3.12 (a)) along ~Z direction, which represents the jetlet formation.
Due to high energy ratio between the two sources, the plasma jet evolution is seen in
low density/energy source (S1) only. We have observed minimal increase in the PORs of
both sources along all directions except at the interaction zone. Figure 3.11 (i-1) shows
the shadowgrams of the temporal evolution of the colliding plasma sources at d=6 mm
separation distance and Figure 3.11 (m-p) shows the corresponding 2D emission images
for t=2, 14, 22 and 30 pus time scales. For d= 6 mm, the stagnation layer is formed up
to 8 us, after that they behave like two independent spherical sources attached to each
other as shown in Figure 3.10 (c), 3.11 (j-1). Figure 3.12(b,e) shows the oscillation of the
stagnation layer formed with POR radii of S1&S2 that are smaller than their individual
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3. Dynamics of two counter propagating plasma plumes collision in air

single source POR radii. Though the POR radius of S1 is decreased along all directions
for d= 6 mm, we observed the formation of jetlet around 22 us as shown in Figure 3.12
(a), 3.11 (I,p) in POR of S1 due to the unequal input energy ratio and the soft stagnation
layer. Due to the effect of soft stagnation, the POR radius of S2 is decreased along -Z,
-Y directions and increased along 47 direction at later times scales > 15 us.

Overall, in this energy ratio 1:1.7 case the PORs radii of both sources is increased along
+7, £ Y directions except at interaction zone for d=2, 4 mm. But for d= 6 mm, the
POR radii is either decreased or almost constant along +7, Y directions of S1&S2. Due
to the long separation distance d= 6 mm, we have observed the plasma jetlet at later
time scales > 20 us (Figure 3.10 (c¢), 3.11 (1,p)). The POR radii of both sources decreased
with increase in the separation distance along all directions while opposite behaviour is

observed at the interaction zone.

3.8.3 Sources of energy ratio 1:3.7

Figure 3.10 (d-f) shows the shadowgraphy images of the colliding plasma source interaction
for input source energy ratio of 1: 3.7 for a separation distance of d = 2, 4, 6 mm. Due to
the higher energy ratio of S1 and S2 (1:3.7), the interacting plasma plumes forms a soft
stagnation layer at the interaction zone (47 direction of S1 and —Z direction of S2) and
it oscillates within the time of observation up to 30 us. Appearance of a soft stagnation
layer allowing the exchange of energy across the interaction zone can be seen clearly for
all the three separation distances. The POR evolution of S1 (along +Z) and S2 (along -Z)
is varying more with increasing the separation distance. Due to higher energy of S2 than
S1, the plasma jet from the stagnation layer with more momentum reaches POR, of S1
quickly and creates the plasma jetlet in S1 around ~ 6.4 ps. Figure 3.13 (a-d) shows the
temporal evolution of POR of S1 (25 mJ) of colliding plasma with its respective single
source (25 mJ) (S1) along +7, £Y directions. Figure 3.13 (e-h) shows the temporal
evolution of POR of S2 (92 mJ) of colliding plasma with its respective single source (92
mJ) (S2) along +7, £Y directions. In the interaction zone the POR radii of S1&S2 are
smaller than their respective single source radii as shown in Figure 3.13 (b,e). Figure 3.13
(b,e) confirms the formation of stagnation layer and the sharp rise in POR radius of S1
for d=2, 4, 6 mm from 6.4 us indicates the formation of plasma jetlet as shown in Figure
3.13 (a). However, in the case of the energy ratio 1:3.7, the penetration is more dominant
than for the energy ratio 1:1.7 (Figure 3.12 (a), 3.13 (a)).

For d= 2 mm, the stagnation layer is visible up to 6 us, after that we have clearly observed
the interpenetration of two sources S1&S2 from 6 ps to 16.8 us, later POR of S2 only
appeared due to high density/energy over observed time 30 us. In this case, the plasma
jetlet evolution started early around ~ 6.4 us as shown in Figure 3.10 (d), 3.13 (a) due
to the very high energy of S2. Due to the colliding plasma interaction, the POR radii of

S1 increased more along -Z, -Y directions than respective single source (S1) POR radius,
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Figure. 3.13 Time evolution of Contact Fronts (PORs) of S1 and S2 of colliding
plasma (a-d) S1= 25 mJ and (e-h) S2=92 mJ (energy ratio 1:3.7) with d= 2, 4, 6 mm
compared with respective single source along +7, +Y directions. Circled portion shows

discontinuity in S1 caused by interaction of two unequal energy sources

while it remains almost constant along +Y direction. The POR radii of S2 decreased

along +7 direction while it increased along £+ Y direction.

For d=4 mm, the soft stagnation layer is formed but most of the energy of S2 is utilized
to increase the plasma jet in POR of S1. So the interpenetration of two sources is not
observed. The plasma jetlet appears around ~ 8 us as shown in Figure 3.10 (e), 3.13 (a)
and increases continuously up to 30 us. The POR radii of S1 increased along -Z direction
and -Y direction but decreased along +Y direction. The POR radii of S2 increased slightly
along +7, +Y directions due to the conservation of energy, while it is almost constant

along -Y direction.

For d= 6 mm, the stagnation layer is formed and visible up to 9.2 us, after that both the

sources behave like two independent spherical sources attached to each other. Though
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both the sources have larger separation distance, due to the higher energy of S2 the plasma
jetlet is observed around 9.6 us as shown in Figure 3.10 (f), 3.13(a), compared to the case
of S1:S2 = 1:1.7. The POR radii of S1 increased sharply along -Z, -Y directions and is
almost constant along +Y direction. The POR radii of S2 is slightly increased along +7,
-Y directions and is almost constant along +Y direction. At the interaction zone, the
POR radii of both sources decreased for all separation distances.

Overall, in this case as the separation distance increases the POR radii of S1 decreased
along -7, -Y directions and shown mixed behaviour along 47, -Y direction of S2, i.e.,
it followed the trend: d= 2 mm < d= 6 mm < d= 4 mm. At the interaction zone the
POR radii of both sources increased with the increase in separation distance, but they are
less than their respective single source POR radius. A slight asymmetry of contact front
radius of S1 w.r.t. Y-axis as shown Figure 3.10 (d), 3.13 (c-d), is observed for the case
of unequal energy sources for d = 2 mm around ~ 4 — 10 us only. While for the other
two separation distances no significant asymmetry w.r.t. Y-axis is observed. This may
be attributed to oscillations of the POR of S2 during the shock detachment that modifies
the ellipticity of S1 at the interaction zone [39].

3.8.4 Shock Front (SF) evolution of two counter propagating
plasma sources with unequal energy collision and d > 2

mimn
The two counter propagating shock waves SF1 and SF2 influence on the evolution of
the other plasma source, and that depends on the energy and separation between the
plasma sources due to which the plasma jet and plasma jetlet is formed. Here, we present
the effect of the stagnation layer formation and variation of separation distance between
two plasma sources on the evolution of the shock waves in the case of unequal energy
sources. In case of unequal energy sources, the effect of separation distance on shock

front expansion is clearly visible in both sources along all the directions.

3.8.5 Sources of energy ratio 1:1.7

In this case, the sources S1 and S2 are created by using energy of 25 mJ per pulse and
42 mJ per pulse respectively. Figure 3.14 (a-d) compares the temporal evolution of SFs
due to S1 (25 mJ) of colliding plasma with its respective single source of same energy (25
mJ) along + Z, Y directions. With increasing the separation distance 'd’ a considerable
change of SF radii that is more explicit at later time scales is observed. For all separation
distances studied, the SF radius of S1 & S2 of colliding plasma is observed to be less than
their respective individual sources along +7 directions as shown in Figure 3.14(b). The
SF radius of lower energy source S1 has slightly increased along +Y direction from ~ 5 us
onwards for d= 2, 4 mm, which is eventually similar to the SF of single source. While for
d = 6 mm the SF radius has reduced as shown in Figure 3.14 (c,d). This demonstrates the

transfer of energy during the interaction of higher energy source (S2) with lower energy
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Figure. 3.14 Time evolution of Shock Fronts (SFs) of colliding plasmas (a-d) S1= 25
mJ and (e-h) S2=42 mJ for energy ratio 1:1.7 with d= 2, 4, 6 mm compared with

respective single source along +7, £Y directions

source (S1) (Figure 3.14(c,d)). No corresponding change is observed in the higher energy
source (S2) SF radius. The transfer of energy along + Z direction of lower energy source
is more than that observed for +Y directions. This clearly corroborate the directionality
of laser induced shock waves. Of the three separation distances of 2, 4, 6 mm, for d= 2

mm, there is a considerable increase of SF radius along +Y directions.

3.8.6 Sources of energy ratio 1:3.7

In this case, laser pulse energy used to create the sources S1 and S2 is 25 mJ and 92
mJ respectively. Figure 3.15 (a-d) compares the temporal evolution of SF of S1 (25 mJ)
of colliding plasma with its respective single source of same energy (S1) along £7, +Y
directions. While Figure 3.15 (e-h) compares the temporal evolution of SF of S2 (92 mJ)
of colliding plasma with its respective single source (92 mJ) along +7, £Y directions.
The SF radius of both plasma source S1 & S2 decreased at the interaction zone (+Z

direction of S1 & -Z direction of S2). This clearly confirms the energy transfer dynamics
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of the SFs at the interaction zone. While the SF radius of S1 along -Z direction has not
varied much as shown in Figure 3.15 (a), while SF radius of S2 along +Z, Y direction
has either reduced slightly or remained almost similar as shown in Figure 3.15 (e-h).

The lower energy source S1 has expanded slightly along +Y directions for all the three
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Figure. 3.15 Time evolution of Shock Fronts (SFs) of colliding plasmas (a-d) S1= 25
mJ and (e-h) S2=92 mJ for energy ratio 1:3.7 with d= 2, 4, 6 mm compared with

respective single source along +7, £Y directions

separation distances from ~ 10 us onwards. The increase is higher for d= 2 mm that
eventually reduced for d= 4, 6 mm. While no corresponding change in the evolution of
SFE of S2 along +Y direction is observed with in the duration of observation. Due to the
interaction of very high energy source (S2) with lower energy source, the evolution of SF
of S2 has not changed at all. This clearly confirms the effect of high energy source is
dominant in S1:52=1:3.7 case, while S1 has minimal or no effect on S2 plasma source. As
the separation distance increases, the SF radius of S1 and S2 of colliding plasma is either
equal or less than the SF radius of the individual single source with an exception for S1
along £Y directions for d= 2 mm. This is attributed to the high energy transfer from S2
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to S1 at d = 2 mm, where the plasma sources are closer to each other compared to d =

4, 6 mm.
3.9 Plasma Jetlet Evolution in the two counter
propagating plasma plumes of unequal energy

collision
The dominant mechanism for the evolution of the plasma jet and the plasma jetlet is
observed to be the propagation of high energy shock wave of S2 through the low energy
plasma source of S1. To explicitly show the energy transfer mechanism leading to the
formation of plasma jet and jetlet, the temporal evolution of contact front (POR) radius
of S1 in the colliding plasma configuration is compared to that of S1 single plume, in
the presence of both shock front (SF) of S2 in the colliding plasma configuration and
S2 single plasma plume as shown in Figure 3.16. For all the three separation distances
studied, the evolution of POR and SF for input laser energy ratios of 1:1.7 and 1:3.7
are shown in Figure 3.16 (a-c), 3.16 (d-f), respectively. For both the cases of unequal
energy sources, the POR radius of S1 in the colliding plasma configuration has clearly
shown a different evolution in the presence of S2. In the case of S1:52 = 1:1.7, for d =2
mm, the POR radius of S1 has started decreasing continuously from ~ 7.5 ps. While
for d = 4 mm and 6 mm, the POR radius of S1 decreases initially and increases again
at later time scales. During the same time scales the plasma jetlet diameter appears
and starts to follow a similar evolution as the shock wave in Figure 3.17 (a). While for
the case of S1:52 = 1:3.7, the POR radius of S1 in colliding plasma configuration, has
clearly shown a continuous increase in the presence of SF of S2. Figure 3.17 (b) shows the
similar evolution of plasma jetlet diameter around the same time scales. This confirms
that the evolution of jetlet is controlled by the evolution of S2 plasma source due to the
energy transfer during the propagation of shock front of S2 plasma source through the S1
plasma [38]. Due to the momentum energy transfer from stagnation layer, bright spots
are appeared towards both the sources along the laser propagation axis, which is shown
as plasma jet (in Figure 3.6, 3.10). This is observed after the shock front has propagated
through the S1 plasma source. In the case of equal energy sources, the plasma jet can be
seen on both sides of hard stagnation layer (Figure 3.6). In the case of unequal energy
sources, plasma jet is visible clearly in low energy plasma but partially visible in high
energy source (Figure 3.10 (a-f)). As the plasma length and impedance of S1 is lower
than that of S2, the plasma jet in S1 comes out of POR of S1, forming a plasma jetlet
(Figure 3.10 (a-f)). This is also due to the fact that along the laser propagation axis the
initial plasma temperature and density is much higher. The shock front of S2 while going
through the plasma of S1 will modify the temperature or density leading to a plasma

jetlet in the plasma source S1. The velocity of the shock front of S2 while going through
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Figure. 3.16 Temporal evolution of Contact front radius of S1 alone and the S1 of
colliding plasma in the presence of shock front of S2 in the colliding plasma
configuration and S2 alone for the input laser energies of S1 = 25 mJ and (a-c) S2= 41
mJ (1:1.7) (d-f) S2= 92 mJ (1:3.7) with d= 2, 4, 6 mm respectively

the plasma of S1 will vary from 1.8 km/s to less than 0.33 km/s during 0.4 us to 7-12 us
depending on the energy ratio and separation distance between the two plasma sources.
The effect of propagation of rapidly decaying shock front through the other plasma source
is manifested as plasma jet [38]. In the case of equal impedances both sources will be
having the same energy, temperature, velocity and pressure gradient. As a result both
plasma sources imparts equal momentum on each other which leads to the accumulation
of mass density, increase in the pressure and temperature resulting in the hard stagnation
layer. Due to the rise in the temperature, the number of free electrons in the stagnation
layer increases. Similarly, in the case of unequal impedance of two sources, due to the
interpenetration of plasma source S2 into plasma source S1 (that lead to the plasma jetlet
formation) the accumulation of mass density is small at the interaction zone leading to

formation of a soft stagnation layer. Hence, the rise in the temperature and electron
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number density is small compared to that of the hard stagnation layer. The temporal
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Figure. 3.17 Temporal evolution of plasma jetlet diameter from POR of S1= 25 mJ due

to (a) S2= 41 mJ (1:1.7) (b) S2= 92 mJ (1:3.7) at separation distance d= 2, 4, 6 mm

evolution of plasma jetlet diameter with separation distance ‘d’ between the two plasma
sources is shown in Figure 3.17 (a,b). With increase in the energy of plasma source S2
with respect to S1, the plasma jetlet diameter also increases drastically as shown in Figure
3.17 (b). The time of appearance of plasma jetlet also increased with separation distance
(d) because the time taken for the enhanced plasma jet to reach other end of POR of S1
from stagnation layer increases. The graphs are fitted with linear function with either
increasing or decreasing slope to describe the plasma jetlet evolution with time. The

evolution of jetlet diameter with time is tabulated in Table 3.4.

For the case of energy ratios of 1: 1.7; for d = 2 mm, the plasma jetlet has shown a gradual
reduction of the jetlet diameter. While for d = 4 mm the diameter starts increasing from
its appearance with a fluctuation at ~ 23 us as shown in Figure 3.17 (a). For d = 6 mm
the plasma jetlet appears around 22 us and increases continuously. In the case of energy
ratio 1:1.7, for d= 2 mm the POR of S1 decays linearly from 3.6 us - 9.2 us with 0.03 slope
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Table 3.4 Plasma Jetlet evolution for different input energy ratios

Energy Seperation Jetlet Evolution (km/s)

ratio (S1:S2) distance (d) my Mo ms

1:1.7 2 mm -0.03  0.004 -0.013

4 mm 0.005 0.03 0.04

6 mm X X 0.06
1:3.7 2 mm 0.052 0.031 X

4 mm 0.027 0.073 0.041
6 mm 0.001 0.055 X

and tries to gain energy till 16 us with a slope of 0.004, beyond which it decays from 16.4
ps- 26.4 us with slope of 0.013 as shown in Figure 3.17 (a). This clearly confirms that the
jetlet is not formed. For d= 4 mm, we observed the jetlet diameter increases linearly from
7.6 us — 15.6 ps with a slope of 0.005, beyond which it rises from 16 ps- 25.4 us with 0.03
slope and further increases from 26 us - 29.2 us linearly with 0.04 slope. This shows that
the plasma jetlet expansion is more rapid at initial time scales but gradually slows down
at later time scales. The sharp rise indicates that most of the energy transferred from
stagnation layer is utilized to increase the plasma jetlet diameter. For d=6 mm the plasma
jetlet diameter increases sharply from 22.4 us to 30 us with a slope of 0.06. This shows
that the plasma jetlet grows rapidly than that at d= 4 mm at long time scales. For d= 4,
6 mm the maximum plasma jetlet diameter is measured to be 0.46, 0.56 mm at t=29.2,
30 us respectively. From the evolution of plasma jetlet, it is clear that the interaction of
plasma plumes plays a crucial role in the jetlet dynamics. The increase in jetlet diameter
for d= 4, 6 mm confirms that the jetlet is more dependent on the interaction of POR of

individual sources and their energies.

In the case of energy ratios of 1: 3.7; for d = 2 mm the plasma jetlet diameter continuously
increases up to 18 us before slightly slowing down. While for the other two separation
distances of 4, 6 mm; the plasma jetlet diameter increases monotonously for d = 4 mm
having higher rate of increase. For both d = 4, 6 mm the plasma jetlet diameter increases
with two different slopes indicating the change in the interaction dynamics. In all the
three separation distances studied, around 15 us, the plasma jetlet evolution has slowed
down for d = 2 mm while for d = 4 mm and 6 mm the plasma jetlet evolution started
accelerating.

In the case of energy ratio 1:3.7, the temporal evolution of plasma jetlet is observed early
due to the higher energy of S2 than S1 as shown in Figure 3.17 (b). For d= 2 mm the
plasma jetlet increases linearly from 6.4 us to 19.2 us with a slope of 0.052 and from 19.6
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pus onwards with a 0.031 slope. For d= 4 mm, we observed the plasma jetlet diameter
increases linearly over 8 us to 15.6 us with 0.027 slope and from 16 us to 25.6 ps increases
rapidly with 0.073 slope before slowing down from 26 us with 0.041 slope. For d=6
mm, the plasma jetlet diameter increases linearly over 9.6 us to 17.2 us with 0.001 slope
before accelerating rapidly from 17.6 us with 0.055 slope. For smaller separation distance
i.e., d=2 mm the plasma jetlet will have more energy, thus it increases rapidly and at
longer time scales > 15 us the plasma jetlet slows down. For d= 4, 6 mm jetlet diameter
increases slowly at initial time scales and it increases continuously at longer time scales.
The maximum jetlet diameter is observed to be 1.21, 1.08 and 0.75 mm for d=2, 4, 6 mm
respectively. From Figure 3.17 (a-b), we observe that the plasma jetlet diameter decreases

with increasing the separation distance.

3.10 Summary

The colliding dynamics of two counter-propagating plasma plumes and shock waves in
air from ns laser induced plasma with varying energy ratio and varying the separation
distance between them is studied qualitatively to understand the effect of collisionality
parameter. The results of these counter propagating colliding plasma sources and shock
waves was compared to the shock waves generated by a single source of same energy. The
results bring out the role of shock wave from a high energy plasma source on that of a
low energy source. The interaction of plasma plumes is investigated at three different
energy ratios of the two sources: 1:1. 1:1.7 and 1:3.7 with varying separation distances of
d = 2, 4 and 6 mm between them. From the observed results, we conclude that the two
plasma plumes/sources interacting in counter propagating direction form a stagnation
layer, whose brightness increases with increasing energy and decrease with increasing
separation distance ‘d’. We have observed plasma jet formation in the form of bright spots
along the laser propagation direction on either side of d=0 mm. In the case of equal energy
sources, the plasma jet is visible in both the plasma sources while in case of unequal energy
sources it is visible only in low energy source. This plasma jet upon reaching the other
side of POR of low energy source (S1), it is observed to cause discontinuity in POR of S1,
known as plasma jetlet. This plasma jetlet shows an interesting behaviour with increasing
energy ratio, as well as with the separation distance between the two plasma sources. In
the case of equal energy sources, we have not found any observable discontinuity until the
observed time scales. As the energy of S2 increases with respect to S1 (as in the case of
unequal energy ratio sources of 1:1.7 and 1:3.7), the plasma jetlet diameter also increases.
The propagation of shock front of the high energy source (S2) through the plasma of the
low energy source (S1) is observed to be determining the evolution of the plasma jetlet.
Though the shock front of S1 and S2 are observed to pass through each other without
any considerable affect as reported earlier [34], we observed that the propagation of shock

wave of S2 through the plasma of S1 in the colliding plasma configuration has led to the
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evolution of plasma jet and plasma jetlet. The properties of the shock waves of lower
energy source (S1) is observed to vary with interaction of two plasma sources while higher
energy source properties are almost unaffected. The shock front radius of the S1 and S2
are observed to slightly decrease compared to their respective single sources around the
interaction zone. Consequently, due to the formation of stagnation layer, the SF radius
of lower energy source (S1) is increased along +Y directions. The deposited energy is
conserved by increasing plasma jetlet evolution as well as increasing SF radius of lower
energy source (S1). From our observation, in the interaction of two unequal energy sources
most of the energy stagnated at the interaction zone, is utilized to create plasma jetlet in

lower energy source (S1) and remaining energy is utilized to increase its SF radius.
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Chapter I

Dynamics of Laser induced Blow-off

plasma and shock waves in air

The formation and dynamics of the laser induced blow-off (LIBO) plasma is different from
that of the laser ablative plasma (LAP). The confined LIBO studies were useful in under-
standing the shock wave processing of materials such as laser shock peening (LSP), where
the transparent overlays such as glass, rubber and thin metal foil were used to confine the
material plasma to enhance the shock wave pressure inside the material. But the shock
wave enhancement inside material mainly depends on laser properties, confining material
properties and the relative acoustic impedance of the confining layer and target material.
Along with these properties, an efficient laser energy coupling to the material also plays
a crucial role. Hence, a detailed understanding of the spatial and temporal behaviour of
the laser induced blow-off (LIBO) plasma and shock waves (SW) is essential for applied
research. Hence, in this chapter, the spatio temporal evolution of LIBO plasma and shock
waves in ambient air from metal foils (Al, Cu and Ti) and polymer foils (PVA, Au doped
PVA) confined with glass (BK-7) substrate is presented. This chapter gives an insight
into the axial confinement of the plasma confined by the BK-7 glass substrate. The role of
shifting of the laser beam focal plane on LIBO plasma and shock waves properties, aimed

at achieving the optimal LIBO shock waves is also presented.

4.1 Introduction

When a nanosecond (ns) laser pulse with sufficient energy interacts with a solid surface,
the plasma is produced by ablating the material. Laser ablation of solids with ns pulses of
high intensity leads to complicated interactions of the laser beam with both the solid and
the ablated material. There exist a number of processing parameters, which determine the

dynamics of ablation and properties of the generated plasma [1, 2, 3]. The laser ablation is
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4. Dynamics of confined plasma plumes in air

of two types: Laser ablated Plasma (LAP) and Laser induced Blow-off (LIBO) plasma. In
laser ablative plasma, a high power laser focused into a solid material, known as ’target’,
leads to the rapid ionisation and the generated plasma propagates in the opposite direction
to the laser beam, i.e. normal to the target surface. Laser ablated/produced plasmas
(LAP/LPP) were more interested in different fields because of its substantial applications
to areas like inertial confinement fusion (ICF), X-ray lasers, material processing, plasma
diagnostics, lithography, space applications and pulsed laser deposition etc [4, 5, 6, 7, 8,
9, 10, 11, 12, 13].

The more detailed explanation of laser ablated plasma (LAP) is given in the chapters 1
& 6. In contrast to LAP, the formation and dynamics of laser induced Blow-off plasma
(LIBO) is different. The Figure 4.1 gives the schematic diagram to differentiate laser
ablative plasma process and LIBO processes based on target geometry and thickness
of the target. The Laser Induced Blow-off (LIBO) Plasma can be generated in two
types: free blow-off mode and Confined blow-off mode [14, 15, 16, 17]. In free blow-
off mode; the laser pulse directly interacts with the thin film/foil target and the produced
plasma plume and shock waves propagates in the forward direction i.e., along the laser
propagation direction. This process is also known as laser induced spallation technique
[14, 15, 18, 19]. In confined blow-off mode, also known as laser induced forward transfer
(LIFT) technique, the laser interacts with a substrate first, which is transparent to the
laser wavelength before interacting with the thin film target which absorbs the laser beam.
The thin film/foil may be coated or glued/adhered to the substrate. It can be either single
layer or multi layer of several thousand Angstroms (A°) thickness [16, 17, 20, 21, 22]. As
the laser pulse is irradiated through the transparent substrate onto the thin film/foil, the
pulse will be absorbed by thin film/foil and an expanding plasma cloud is formed. The
interaction of sufficiently high intensity pulsed laser with thin film or thin foil targets
confined with glass induces the material blow-off (plasma) or ejection of flyer from its
rear side. The main mechanism involved in the laser induced blow-off (LIBO) technique
is the mechanical confinement of thin films with other transparent materials like glass,
black tape, water etc. [20, 23] which allows the confinement of the ablated plasma formed
at the front surface of the target. As a result, the evolution of the plasma towards the
laser propagation direction is obstructed by the confined material which resulted in the
significant enhancement of the hydrodynamic efficiency. Due to this, very high pressures,
temperature and density are generated along the laser affected region whose perimeter
depends on the focused beam diameter [16, 17, 18, 21, 22, 23, 24]. Within short course
of time, high stress waves are generated in this region that are launched onto the target
front surface. When the magnitude of these stress waves exceed the shear strength of the
material, then the unvaporized part ahead of the affected region ruptures, which eventually

leads to the ejection of high velocity blow-off plasma and flyers in the laser propagation
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4. Dynamics of confined plasma plumes in air
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Figure. 4.1 Schematic diagram for (a) laser ablated plasma (LAP) process (b) direct
LIBO process and (c) confined LIBO process

direction [25, 26, 27, 28]. According to Fabbro et. al. [16, 17|, the confinement process
will be described in three steps:

o Heating Phase: During the laser pulse duration, the absorbed laser energy is used
to increase the internal energy of the plasma inside the interface (confining layer
and target material interface) and the pressure generated by the plasma induces
a shock wave which propagates into the target and the confining material. Thus,

the generated pressure is higher for the same laser pulse properties in confining
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4. Dynamics of confined plasma plumes in air

geometry than direct ablation geometry.

o Adiabatic Cooling: When the laser is switched off, the plasma still maintains the
high pressure which decreases during its adiabatic cooling. In confining geometry;,
the pressure is applied over a period much longer than the laser pulse duration.

This will increase the impulse momentum delivered to the shock wave.

« Macroscopic motion of finite targets: Finally, for longer times, after the com-
plete recombination of the plasma, the 'canon-ball-like"' expansion of the heated
plasma inside the interface adds more momentum to the target. Since the target
and the confining medium have finite thickness, they will experience a macroscopic
"canon-ball" acceleration whose consequence will give the target an additional mo-

mentum.

If the target used was thick enough (~ few mm) in order to allow the propagation of the
generated shock wave inside it. The confinement is explained using above three steps.
If the target is very thin (~ few tens of nm to pm), in such a way that the transit
time of the shock wave through it is smaller than the laser-pulse duration, the process of
target acceleration is different. In thin foil target confinement, during the laser pulse the
target is accelerated in a first step by the "canon-ball" expansion of the plasma, which is
heated. After the laser pulse, the target is further accelerated by the adiabatic expansion
of the plasma, as in the previous case. Thus, we will have acceleration of very thin foils
known as target/material flyers having an area equal to or greater than the laser spot
size for every laser shot, in the confinement of thin foil plasmas [29]. This technique
has been investigated for years due to its important applications in many disciplines.
From these studies it was well established both theoretically and experimentally that the
hydrodynamic efficiency of the ablated and blow-off plasma at the front and rear side of the
target depends on various parameters such as, target material used and its thickness, input
laser intensity (energy), wavelength, pulse duration, beam size, focal length, confined
substrate, surrounding ambient gas pressure conditions [22, 23, 24, 26, 30, 31, 32] and
relative acoustic impedances of the film and confined materials [16, 17, 20, 29]. The
conversion efficiency of the input laser energy to the film target also depends on other
factors such as, roughness, adhesion etc. Although a lot of study has been done on the
confined LIBO plasma and shock waves, the efficient coupling of the laser energy to the
target material, which is crucial for enhancement of the LIBO shock wave properties is
still inadequate. Zhao et al. [33] have used the fiber-coupled laser for the effective coupling
of the input laser energy to the target film. The coupling of the laser energy depends on
many factors. For example, Fabbro et. al. [16] have proposed an analytical expression of
how the pressure scales up in the plasma region at the interface based on the conversation

of energy which shows that the pressure depends on the absorbed intensity, wavelength
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4. Dynamics of confined plasma plumes in air

and pulse duration and impedances of the film and confined materials used. In confined

ablation, the induced shock pressure inside the material depends on [16]:

P(GPa) = 0.01, /QQO; 5 VZ(g/em2s2)\[1o(GW /em?) (4.1)

Where P is pressure inside the material, « is the constant, Z is the relative acoustic

impedance of the confining layer and target material, defined as % = %1 + Z% and [y is

the input laser beam intensity at the interface. In contrast to the conventional dynamic

loading tools such as gas gun, z-pinch, explosives etc. [34], this technique serves as the
most convenient and sophisticated tool for the study of materials behaviour that undergo
shock compressions, generation of EOS [35, 36, 37, 38, 39, 40, 41]. The confined LIBO is
a volume absorption process, in which a homogeneous target, with laser absorption depth
i, where « is the absorption coefficient much larger than the thermal penetration depth
rp = (kper)'/? [29, 42], where & is the thermal conductivity, p is the density, '¢’ is the
specific heat of the target, absorbs most of the incident laser energy below the surface of
the target. The minimum laser intensity required to create the blow-off in the confined

geometry is given by [29, 42]:

Lnin = 7204_505(MW/m2). (4.2)
Where 7 is the laser pulse width (FWHM). Although much research have been done so far
in order to understand the role of different parameters, there exist few concerns during the
laser launched flyer plate. Holding the planarity of the flyer during its evolution plays a
critical role in the determination of shock jump states accurately for EOS generation, ac-
celeration of the flyer to higher velocities and effective coupling of the input laser energy to
the film [26, 30, 31, 37, 38, 39, 40, 41] are some of the critical challenges. Other area where
this technique can be majorly used is space application, where the study of interaction of
micron sized flyers moving with very high velocities of few 10 km/s provide micro-thrust
to the space vehicle [42, 43]. Laser impact welding (LIW) is another area of application
where this technique is relevant, here two dissimilar materials can be assembled which
is useful for the air-craft industry, electronics and medical device fabrication [44]. It is
well known fact that, with increasing the input laser intensity the plasma pressure can be
scaled up [37, 38, 39, 40, 41] and the flyers can be accelerated to higher velocities. How-
ever, at a certain threshold intensity the breakdown of the substrate takes place which
alters the coupling of input laser energy effectively to the plasma and results in lowering
of the hydrodynamic efficiency. The optical breakdown of the substrate with increasing
intensity is one of those concerns occur frequently in the laser driven flyer experiments
where not much have been focused. Previous studies performed so far have emphasized
(focused) mainly on the issues related to the planarity of the flyer ejection, enhancement

of the flyer and shock loading pressures and velocities.
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4. Dynamics of confined plasma plumes in air

In this chapter, we mainly focused on the issue related to the efficient coupling of the input
laser energy to the target foils by simply varying/shifting the laser beam focal plane with-
out changing any optics and laser parameters. The technique relies on the fundamentals
of the laser focusing conditions. It is well established from the laser wave propagation
physics that the Rayleigh length (Zg) is the spatial extent of the laser intensity where its
intensity becomes 1/e times that of the peak intensity focused at the focusing plane. We
performed a systematic study on 20 pm thick aluminum and copper foils stuck on glass
substrate for varying input laser energies (25 — 200 mJ) and different focusing conditions
(FO, F1 and F2) so as to know the conditions where the blow-off of the plasma and flyer
ejection takes place effectively. Upon optimizing laser energy and focusing conditions,
these studies were further extended to 1.1 pym Cu, 200 nm Titanium, PVA (60 pm) and
Au nano rods doped PVA (35 pm) thin films. The blow-off shock waves evolving in ambi-
ent air obtained from shadowgraphy images are compared for different focusing conditions
to check the efficacy of LIBO plasma.

4.2 Experimental Details

The detailed experimental schematic for the Laser induced blow-off shock waves in air is
given in chapter 2. The experiments were performed using second harmonic laser pulses
from a Q-switched Nd: YAG laser (TITAN-5, M/s. Amplitude Technologies) operating
at a wavelength of 532 nm, pulse duration of ~ 10 ns (FWHM) and repetition rate of
5 Hz. Laser pulses ranging from 25-200 mJ energy distributed inside beam diameter of
22 mm were focused using an anti-reflection coated plano-convex lens of 150 mm focal
length in f/7 geometry to initiate the breakdown of the thin foils and the subsequent
physical processes. The corresponding peak intensities are in the range of 2.5 to 10
GW/em?. The M? value of Gaussian beam (spatially flat top) is measured to be ~
1.9 using Grasshopper M? camera (from PointGreyResearch®Inc.) and the focal spot
diameter (wy) is around ~ 500+ 50y in the case of exact focusing at the interface between
target film and glass substrate (FO condition). The corresponding Rayleigh range (Zg)
is estimated theoretically to be ~ 90 um and experimentally it is taken as the distance
(Z) at which the spot diameter (w(Z)) becomes /2 X wy i.e., ~ 5 to 6 mm. The spatio-
temporal evolution of blow-off plasma and subsequent shock front (SF) evolution into the
surrounding ambient air from thin foil targets was captured using focused shadowgraphy
technique with a probe beam of 47 mm and a fast I[CCD camera with 1.5 ns temporal
resolution and gate delays from 50 ns to 10 us in steps of 200 ns gate delay [45, 46]. The
experiments were carried for 20 pym thick Al and Cu films stuck on glass substrate of ~1.8
mm thick and further extended to Cu thin film (1.1 gm), Titanium (200 nm) metal films
and in house developed dielectric films PVA (10%wt) (60 pm), Au nano rods doped PVA
(Au nano rods + 10%wt PVA) (35 pm) thin films ensuring that the laser beam is focused

at the desired location.
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Figure. 4.2 Schematic of laser blow-off from thin foil confined with glass substrate for
focusing conditions at (a) exactly on the glass-foil interface (F0) and (b) 1 and 2 mm

deep (F1 and F2) from the glass-foil interface.

Figure 4.2(a-b) illustrates the schematic of laser interaction of thin foils or films confined
with glass substrate for three different focusing conditions. The caustic curves shown in
the Figure 4.2(on the top) represent the laser focusing plane. In the first case i.e., Figure
4.2(a), the laser beam is focused at the interface of the glass substrate and thin foil (Al,
Cu, Ti and PVA); and is called herein after as FO condition. Whereas, in the second and
third case i.e., Figure 4.2(b), the laser beam is focused (or the laser focal plane is shifted)
at a depth of 1 mm and 2 mm (called as F1 and F2) respectively from FO0 focal position
ensuring that the laser focal plane is far ahead of 20 gm thin film. Since the focal plane
of the laser beam in the F2 condition is shifted, the intensity at the glass-film interface
will be lower than that of FO condition as the Rayleigh range is out of the glass thickness
(1.8 mm)used.

4.3 Shadowgraphy imaging of the Laser Blow-off

plasma from metal foils
When the laser is focused on to the target material, material temperature increases be-
cause of the conversion of optical energy to the thermal energy of translational motion
of the molecules inside the target. Since the mechanical relaxations in the material are
slower than the temperature rise, nearly a constant volume is heated thus the pressure
is increased at that point. When the pressure gradient exceeds the mechanical strength
of the material along normal to the target surface, it causes spallation of the material
and a flyer (small pieces of the target material with area equal to the laser spot size)
will be ejected along the laser direction [25, 26, 27, 28]. In the confined blow-off method,

in addition to the pressure build up due to inertial confinement, rapid increase in the
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4. Dynamics of confined plasma plumes in air

thermal energy of the target material leads to the overheating of the system. If the tar-
get heated close to the critical temperature, a phase explosion (explosive boiling) occurs
where the ablated solid target will be in gaseous state of individual molecules and clusters
of molecules. This phase explosion increases the overall pressure and also provides the fast

cooling of the ejected plasma which leads to the higher flyer velocities [16, 17]. Initially,

Al foil (10.5 pm) Al foil (20 pm)

3.4 ps

Figure. 4.3 Shadowgrams of the laser induced blow-off plasma from the rear side of (a)
~ 10-11 pm Al foil (b) 20 pum Al foil targets at 500 mJ laser energy for FO focusing

condition.

the laser ablated blow off plasma and shock waves from ~ 10-11 pum Al foil in direct
LIBO geometry were captured using focused shadowgraphy technique with FO condition
for 500 mJ laser energy as shown in Figure 4.3 (a). When laser beam interacting with =
10-11 pm Al foil alone in direct (unconfined) LIBO geometry, although the laser ablative
plasma and shock waves are observed, we have not observed efficient blow off plasma
from the foil due to the bending of the Al foil for input laser energies. This is due to the
smaller thickness of the foil i.e., 10-11 pm and it is really difficult to hold the Al foil flat
along the horizontal and vertical directions without bending using the target holder. For
the input laser energy variation from 25 to 1 J also, we have not observed the prominent
blow off plasma and shock waves. The same experiment was repeated with the much
thicker Al foil of 20 pm in direct LIBO geometry with FO focusing condition as shown in
Figure 4.3 (b). Though we have not observed any wobbling of the 20 ym Al foil due to
the laser beam interaction, we have not observed the blow off plasma efficiently for input
laser energies 25 to 1 J energy but we have randomly observed the shock waves from the
rear side of the foil. In order to observe the efficient plasma and shock waves from 20 pm
Al and Cu foils, we have chosen the confined LIBO geometry. In this geometry, the 20
pm Al and Cu metal foils were adhered to the glass substrate of 1.8 mm thickness. The
temporal evolution of the confined LIBO plasma and shock waves from 20 ym Al and
Cu foils were captured using the focused shadowgraphy technique with different focusing
conditions (F0, F1 and F2) as shown in Figure 4.4 (a-d). Figure 4.4 (a-d) shows a series
of shadowgraphy images of 20 ym Al and Cu foils confined with glass substrate for FO

and F2 focusing conditions at different instants of time over 0.05 — 6.85 us at 25 mJ input
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Figure. 4.4 Shadowgrams of the laser induced blow-off plasma from the rear side of 20
pm (a-b) Al and (c-d) Cu foil targets at 25 mJ laser energy for FO and F2 focusing

conditions

laser energy respectively. The front side in the images represent the glass substrate facing
the incoming laser pulse, also mentioned as ablative side. The other side represents the

Al and Cu foil, mentioned as blow-off side.

4.3.1 Effect of FO focusing condition
As observed from Figure 4.4 (a) with FO focusing condition, the plasma blow-off from the

rear surface of 20 um Al foil begins at early times of 0.05 us. Consequently, an ablative
plasma and the corresponding shock wave (SW) expands into the glass target as well as
into the ambient air from the front surface. Since our aim is to study the confined LIBO
plasma and shock wave properties, we have not provided the corresponding laser ablative
plasma and shock waves from the front surface (i.e., from glass) in this chapter. At the
rear side of the foil, as the time progresses a small dent and wobbling of the foil occur
at 0.45 us through which the driving plasma blows-off rapidly. Later on at 1.45 us, due
to very high pressure plasma expanding rapidly in to the ambient air the blow off shock
wave is launched into the ambient air ahead of the plasma front at the rear side of the

Al foil. The blow off shock wave propagates with a higher velocity than the blow off
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4. Dynamics of confined plasma plumes in air

plasma front FO focusing condition. At 3.25 us the expansion of the shock wave at both
sides (blow-off and ablative) of the target surface becomes similar (i.e., semi spherical),
however the plasma at the front surface is unable to expand further, whereas the plasma

at the rear surface spills out and expands freely in to the ambient air.

In the case of 20 pm Cu foil interaction with laser energy of 25 mJ in F0O focusing condition
(Figure 4.4 (c)), we observed the similar expansion features as that observed from 20 pm
Al foil. However the expansion of the blow-off plasma and the subsequent shock wave was
higher compared to that of Al foil as shown in Figure 4.5 (a) at the initial time scales i.e.,
from 0.45 to 1.05 us. This may be due to the higher relative acoustic impedance of glass
and Cu foil, as the shock velocity is mainly depends on the relative acoustic impedance
Z and laser intensity Iy in confined geometry [16, 17, 20]. At later time scales (> 1.25
us) the blow off shock wave velocity of Cu foil is less than that from the 20 pm Al foil
blow off shock velocity through out the observed time. This suggests that the Cu blow
off shock velocity decreases faster than the 20 um Al foil blow off velocity as shown in
Figure 4.5 (a).

24 —=— Al_25 mJ_F0 —a— Al_25 mJ_F2
‘d) 025 mJ_ b) —e—Cu_25mJ_F2

—e— Cu_25mJ_F0 24

Blow-off shock velocity (km/s)
Blow-off shock velocity (km/s)

Time (ps) Time (ps)

Figure. 4.5 Temporal evolution of laser blow-off shock wave from rear side of 20 ym Al
and Cu foils (a) in FO (b) in F2 focusing conditions at 25 mJ laser energy.

4.3.2 Effect of F2 focusing condition

When the laser focus plane is shifted to F2 focusing condition (2 mm deep into the glass-
foil interface) in the case of the 20 pum Al foil, the blow-off of the plasma as well as the
ablation at the front surface was not observed at early times of 0.05 us due to the low
laser intensity at the interface. Unlike the FO condition we didn’t observed any wobbling
formed at the rear surface, the blow-off plasma and shock wave expansion begins at 0.45
us as shown in Figure 4.4 (b). Since the area of cross-section of the laser affected zone on
the target surface is higher for F2 condition, the diameter of the blow-off region is higher
hence, the lateral heat transport happens across this region. As a result, the confined
plasma generated at the interface finds ample area to escape out from the rear surface.
Hence, we observe larger blow-off area for F2 condition as shown in Figure 4.9. During

this time, a small fragment of the target foil in the form of mini-flyers may also have
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4. Dynamics of confined plasma plumes in air

been ejected. With the shadowgraph diagnostic technique we could not able to clearly
determine the presence of the flyer. The rising of sharp tip along the laser axis indicates
the rapid expansion of the flyer that is accelerated to a much higher velocities than the
shock front. The flyer and plasma debris ejection is observed from 20 pm Al foil at ~1.45
ps in the form of a very sharp cone along the laser axis, which was not seen in the FO
condition. This cone shape indicates that the ejected flyer and plasma debris accelerates
with higher velocity than the blow off shock wave. The ablative plasma and shock wave
from glass surface (or front surface) is observed to be negligible in F2 configuration for
25 mJ of laser pulse energy used. In the case of Cu thin foil in F2 focusing condition
(Figure 4.4 (d)), the flyer ejection was faintly visible at ~ 1.45 us and the acceleration
of the ejected flyer begins after 3.25 us. Figure 4.5 (b) shows the temporal evolution of
blow-off shock wave velocities from Al and Cu thin films in F2 focus condition at 25 mJ
laser input energy. From Figure 4.5 (b), we can observe that the blow off shock velocities
for 20 pm Al and Cu foils are almost similar (within error bars) in F2 focusing condition

and both the shock waves has same decreasing trend throughout the observed time.
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Figure. 4.6 Temporal evolution of laser blow-off shock waves from rear side of 20 pym
(a) Al and (b) Cu foils in FO and F2 focusing conditions at 25 mJ laser energy.

Figure 4.6 (a-b) shows temporal evolution of blow-off shock wave velocities from (a) 20
pm Al and (b) 20 pm Cu foils in FO and F2 focus conditions for 25 mJ input laser energy.
From Figure 4.6 (a), the blow off shock velocity from 20 pm Al foil is almost equal at 0.45
pus in FO and F2 focusing conditions but for time scales > 0.45 us the shock velocity is
sharply decreased up to 2 us and later it is slightly increased over the observed time with
maximum increment happened around 4 to 7 us in F2 focusing condition compared to FO
focusing condition. Due to the focal plane shifting, the peak intensity at the interface is
less thus creating less density plasma with higher blow off diameter (i.e., ~ equal to the
laser beam spot size in F2 condition) lead to the initial decrease in shock velocity in F2
focusing condition. Since, the flyer initiation is happened around 1.45 us, after 2 ps only

we have observed the smaller shock velocity increment at 25 mJ energy. From Figure
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4.6 (b), the blow off shock velocity from 20 pm Cu foil is increased at 0.45 ps but it is
decreased upto 1.2 us and for time scales > 1.45 us, the blow off shock velocity is higher
for 25 mJ energy in F2 focusing condition compared to FO focusing condition. This is due
to the fact that, although the increased laser absorption area (i.e., equal to spot size in
F2 condition) lead to the decrease in the shock velocity in F2 focusing condition, the flyer
ejection from blow off plasma and debris greatly increased the blow off shock velocity for

25 mJ energy.
4.3.3 Effect of the input laser energy on blow off shock waves

in FO and F2 focusing conditions
In the FO condition, the expansion of the shock wave increases with the input laser
energy for 25 and 50 mJ, but when the energy is increased to 200 mJ (~ 10 GW/cm?) the
optical breakdown of the glass substrate occurs due to laser beam intensity exceeding the
breakdown threshold intensity of the glass (~ 3-9 GW/cm?) [14, 15]. This phenomenon
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Figure. 4.7 Shadowgrams of laser blow-off plasma and shock waves from rear side of
(a,c) Al and (b,d) Cu foils for F2 focusing condition at 50 mJ and 200 mJ respectively

alters the coupling of input laser energy to the thin foil, which results in lower blow off
shock wave expansion at 200 mJ than that of 25 and 50 mJ input laser energies. Figure
4.7 (a-d) compares the shadowgrams of 20 u Al and Cu foil at higher input laser energy
of 50 mJ and 200 mJ in F2 focusing condition. For 200 mJ energy, due to the intensified
radiation emissions from the plasma region, the evolution of plasma, shock wave and flyer
from the foil surface was not clearly visible during the initial times of < 1.45 us as the
ICCD was saturated; only after > 1.45 us the evolution is clearly observable. For 200
mJ energy, the ablation of the glass plate also causing the high ablative shock velocity
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opposite to laser propagation direction. Figure 4.8(a-b) shows the temporal evolution of
blow-off shock velocities from Al and Cu thin foils for 25, 50 and 200 mJ energies in FO
and F2 focusing conditions at 0.85, 1.05 and 1.45 us time scales. Table 4.1 illustrates the
blow-off shock velocity comparison from Al and Cu thin foils at 1.45 us for 25, 50 and
200 mJ at FO and F2 focusing conditions, respectively. As observed from Figure 4.8 (a),
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Figure. 4.8 Temporal evolution of the laser blow-off shock waves from 20 pum (a) Al

and (b) Cu thin foils in FO and F2 focusing conditions at 25, 50 and 200 mJ energies

respectively.

in the case of FO condition, the blow off shock velocity from 20 pm Al foil decreases with
increasing the input laser energy from 25 to 200 mJ. In the case of F2 focusing condition,
the blow off shock velocity from Al foil increases with increasing laser energy from 25 to
200 mJ. The blow off shock velocities from Al foil is observed to be increased by a factor
of 1.5 to 2 times for 50 mJ energy and 2 to 3 times for 200 mJ energy in F2 focusing
condition compared to FO focusing condition except for 25 mJ energy. For 25 mJ energy,
the blow off shock velocity is higher in FO focusing condition. The decrease in the blow
off shock velocity for 50 and 200 mJ in FO focusing condition, is due to the decrease in
coupling of the input laser energy to the target foil as a part of the energy is utilized in the
breakdown of the glass substrate which eventually altering the laser pulse energy reaching
the glass-metal interface. The blow off shock velocities from 20 pum Al foil at 1.45 us,

given in the Table 4.1 also shows the same. Figure 4.8 (b) shows the temporal evolution

Table 4.1 Effect of FO and F2 focusing condition on the blow-off shock velocities from
Al and Cu thin foils at 1.45 ps delay time with varying energy

Energy (mJ) Al Shock velocity (km/s) Cu Shock velocity (km/s)

0] F2 FO F2
25 1.35 1.16 1.08 1.36
50 0.94 1.27 0.96 1.12
200 0.63 1.36 0.62 1.01
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of the blow off shock wave velocities from 20 pm Cu foil in FO and F2 condition for 25 to
200 mJ laser energies at 0.85, 1.05 and 1.45 us time scales. In Cu thin foil case, we have
observed higher blow off shock velocities in the F2 condition than shock velocities in FO
condition for 25, 50 and 200 mJ laser energies as shown in Figure 4.8 (b). As the laser
energy increases from 25 to 200 mJ, the blow off shock velocity from Cu foil decreases
with increasing the laser input energy in FO focusing condition. In F2 focusing condition
also, the blow off shock velocity decreases with increasing the laser input energy from 50
and 200 mJ but for 25 mJ energy it showed mixed behaviour. For 25 mJ energy, the
blow off shock velocity decreases at 0.85, 1.05 us but increases at 1.45 us in F2 focusing
condition compared to FO condition. This may be due to the initiation of the flyer at
1.45 ps and also increase in the blow off diameter from the Cu foil. The blow off shock
velocities from 20 pm Cu foil at 1.45 us, given in the Table 4.1 also shows the same.

4.3.4 Morphology of the blow off region from the foils
The shadowgraphy technique we used in the experiment can visualize the evolution of the
plasma and shock wave dynamics. It is difficult to capture the motion of the flyer, its
nature of expansion and its dimensions (diameter and thickness) during the evolution with
the current diagnostic technique. Hence to get the information of how the flyer diameter
varies with energy and with the focusing conditions we performed post experiment analysis
by estimating the average blow-off diameter using an optical microscope.

Figure 4.9 (a-d) shows the image of the blow-off regions from both Al and Cu foils for 25,

(a)AI-IiO (c) Cu-FO 22[ —O— AlFo
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Figure. 4.9 Variation of average blow off diameter of 20 yum Al and Cu foils for

different energies at FO and F2 focusing conditions

50 and 200 mJ laser energies compared with FO and F2 focusing conditions, respectively.
As observed from Figure 4.9 (e), the average blow off diameter of Al thin foil in FO
focusing condition (Figure 4.9 (a)) varied as 0.25, 0.3 and 0.35 mm for 25, 50 and 200 mJ,
respectively. In this case, with increasing energy the wobbling of the thin foil around the
laser affected perimeter is observed due to which the average blow off diameter does not
increase much with energy. When the focusing plane shifted F2 condition (Figure 4.9 (b)),
no such wobbling were observed and the average blow off diameter is significantly increased

compared to that of the FO condition. The average blow off diameter in F2 configuration
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varies as 0.75, 1.4 and 1.85 mm for 25, 50 and 200 mJ laser energies, respectively ( from
Figure 4.9 (e)). The average blow off diameter of the Al foil in F2 configuration has
increased by a factor of three times for 25 and 50 mJ, respectively and five times for 200
mJ than that of FO condition.

In the case of Cu thin foil, for the FO focusing condition, the average blow off diameter
increased from 0.42 mm to 0.65 mm, respectively for 25 and 50 mJ, and slightly decreased
to 0.6 mm at higher energy of 200 mJ (Figure 4.9 (e)). With F2 focusing condition, it
varies as 0.75, 1.15 and 1.7 mm respectively for 25, 50 and 200 mJ laser energies. The
average blow-off diameter in F2 focusing condition is observed to be increased by a factor
of two for 25 and 50 mJ, respectively and three times for 200 mJ compared to the FO
focusing condition. Overall, when the average blow-off diameter is compared between Al
and Cu foils, with FO condition Cu foil is observed to have the blow off diameters 0.42,
0.65 and 0.6 mm, which is almost two times higher than that of Al foil i.e., 0.25, 0.3 and
0.35 mm, for the 25, 50 and 200 mJ laser energies. Similarly, with F2 condition, this is
observed to be almost similar for both Al (0.75, 1.4 and 1.85 mm) and Cu (0.75, 1.15 and
1.75 mm) foils. So the effective enhancement in the flyer diameter is observed to be more
significant in the case of Al foil with F2 condition.

To understand the hydrodynamics of the blow-off plasma and shock evolution and to
explore the reasons for an ineffective coupling of laser energy to the foil at higher energies,
we have performed the one-dimensional numerical simulations using modified MULTI-fs
radiation hydrodynamic (1D-RHD) code [47, 48]. The simulated shock radius shows good
agreement with the experimental results [48]. The simulation results predicted that, due
to the breakdown of glass (confining substrate) the plasma number density increased in
FO case leading to an ineffective coupling of laser energy to the material. The shift in the
laser focus conditions from FO to F2 condition shows that, one can avoid achieving an over
dense regime and optimize the coupling of laser energy to the foil [48]. The simulation

results are not given in this thesis.
4.4 Shadowgraphy imaging of Laser Blow-off

plasma from metal thin films
Since the effect of focal plane shifting to F2 condition is more efficient in 20 pm Al and
Cu foils with 50 mJ energy, the LIBO studies are further extended to the Cu thin film
1.1 pm and Ti thin film of 200 nm thickness coated on glass substrate are studied in FO,
F1 and F2 focusing conditions at 25, 50 mJ laser input energies. Figure 4.10 (a-c) shows
the shadowgrams of the temporal evolution of the blow off plasma and shock waves from
1.1 pm Cu thin films in FO, F1 and F2 focusing conditions at 25 mJ laser input energy.
The thickness of the Cu thin film coated on the glass substrate is measured using profilo

meter study as shown in Figure 4.10 (d) and the 1.1 gm Cu thin film before and after the
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LIBO experiment is given in the Figure 4.10 (e).
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Figure. 4.10 Shadowgrams of the laser blow-off plasma and shock waves from rear side

of 1.1um Cu thin film in FO, F1 and F2 focusing condition at 25 mJ laser energy.

From Figure 4.10 (a-c), the blow off plasma and shock waves from 1.1 gm Cu thin film
were visible only from 1.05 ps in FO, F1 and F2 focusing conditions, because of the
shadow of the target holder as well as glass substrate thickness. At 1.05 us the blow
off plasma and blow off shock wave at the rear side of the target as well as ablative
plasma and ablative shock wave at the front surface of the target are observed for all
the three focusing conditions. After 2.05 us time scales, we have observed the ejection of
flyer /plasma debris in the form of cone shape which has higher velocity than the blow off
shock wave in F'O condition and in F'1 and F2 conditions also. Due to the smaller thickness
of the Cu foil (1.1 pm), it is hard to focus the laser beam at the exact interface. In F2
focusing condition, the ablative plasma and shock wave from the target front surface is
less than FO and F1 focusing conditions. Figure 4.11 (a) shows the temporal evolution of
the blow off shock waves from 1.1 ym Cu thin film in FO, F1 and F2 focusing conditions
at 25 mJ and 50 mJ laser energy. Figure 4.11 (b) shows the blow off shock velocities from
1.1 pm Cu compared to the 20 pm Cu shock velocity in FO and F2 focusing conditions at
25 mJ energy. From the Figure 4.11 (a), it is evident that the blow off shock velocity from
1.1 pm Cu foil is higher for F1 focusing condition compared to the FO and F2 focusing
condition at 25 mJ laser energy. As the energy increased from 25 mJ to 50 mJ, the
increment in the blow off velocity from 1.1 gm Cu film is is clearly visible in F1 focusing
than F2 condition, suggesting that F1 focusing condition is optimal for LIBO of the thin
films. The smaller thickness of the film leads to the formation of air plasma along with
material plasma in F2 focusing condition. Hence the blow off shock velocities are lower
in F2 focusing condition than F1 condition. When the blow off shock velocities from 1.1

pm foil compared to the 20 pm Cu foil, initially the blow off shock velocities are ~ 1.5
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Figure. 4.11 Temporal evolution of the laser blow-off shock waves from 1.1pm Cu thin
film (a) in FO, F1 and F2 focusing condition at 25 mJ and 50 mJ laser energy (b)
compared to the 20 um Cu foil blow off shock velocity at 25 mJ.

times higher for 20 um Cu foil up to < 2 us due to the ejection of flyer. At later time
scales > 2 us, the blow off shock velocities are ~ 1.5 to 2 times higher for 1.1 gm Cu thin
film compared to 20 um Cu foil as shown in Figure 4.11(b). The evolution trend of the
1.1 pm Cu thin film is linear but it follows 1/r for 20 pm Cu foil.

The studies are further extended to get an insight into the effect of systematic shifting
of focal plane from FO to F1 and F2 condition in LIBO of nano meter (nm) thin films.
A Ti film with 200 nm thickness is used for LIBO studies with 25, 50 mJ laser energy.
Figure 4.12 (a-c) shows the shadowgrams of the temporal evolution of the blow off plasma
and shock waves from 200 nm Ti thin films in FO, F1 and F2 focusing conditions at 25
mJ laser input energy. The thickness of the Ti thin film coated on the glass substrate
is measured using profilo meter as shown in Figure 4.12 (d). The 200 nm Ti thin film

before and after the LIBO experiment is given in the Figure 4.12 (e). From Figure 4.12

(¢) Ti (200 nm)+glass_F2 3000

(a) Ti (200 nm)+glass_FO  (b) Ti (200 nm)+glass_F1

{ 1 —Tifilm (avg)
L [ —— Ti film (smoothed)
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Ti film T

' Profile location

Figure. 4.12 Shadowgrams of the laser blow-off plasma and shock waves from rear side
of 200 nm thin film in FO, F1 and F2 focusing condition at 25 mJ laser energy.
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(a-c), the blow off plasma and shock waves from 200 nm Ti thin film were visible only
from 1.05 ps in FO, F1 and F2 focusing conditions, because of the shadow of the target
holder. At 1.05 us the blow off plasma and blow off shock wave at the rear side of the
Ti film as well as ablative plasma and ablative shock wave at the front surface of the Ti
film are observed in FO focusing condition. Since the thickness of the Ti film is in nm, we
have not observed any flyer /plasma debris at later time scales. In F1 focusing condition,
the blow off plasma is higher compared to FO condition at 1.05 us and the blow off shock
wave expansion is observed at later time scales (> 1.05 us) with hemi-spherical shock
structure. We have observed the ablative shock wave only after 6 ps in F1 condition. In
F2 focusing condition, the blow off plasma is higher than FO and F1 condition at 1.05
us time scales and we have not observed any ablative shock wave at the front side of the
target at all. Figure 4.13 (a-b) shows the temporal evolution of the blow off shock waves
from 200 nm Ti thin film in FO, F1 and F2 focusing conditions compared to the 1.1 pym
Cu foil at 25 mJ laser energy and Figure 4.13 (b) shows that the blow off shock velocities
from 200 nm Ti film in FO, F1 and F2 focusing conditions at 50 mJ energy.
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Figure. 4.13 Temporal evolution of the laser blow-off shock waves from 200 nm Ti film
(a) compared to 1.1 g Cu film at 25 mJ energy (b) at 50 mJ in F0, F1 and F2 focusing

conditions.

From the Figure 4.13 (a) it is evident that, at initial time scales (< 4 us) the blow off
shock velocities are ~ 2 times higher in F2 focusing condition than FO condition for 25 mJ
energy. The blow off shock velocity is higher in F2 focusing condition than F1 condition
until 3 pus time scales after that they are similar. When the blow off shock velocities from
200 nm Ti thin film are compared to the 1.1 pym Cu foil, the blow off shock velocities from
200 nm Ti film are ~ 2 to 3 times higher in F2 focusing condition than 1.1 ym Cu foil
at 25 mJ energy. The blow off shock velocities from 200 nm Ti foil follows 1/r relation
but the blow off shock waves from the 1.1 pm Cu foil follows linear relation. While for 50
mJ energy, the blow off shock velocities from 200 nm Ti foil in F1 focusing condition is
higher than FO and F2 condition as shown in Figure 4.13 (b). Since the film thickness is
too small (i.e., nm), the shifting of focal plane from FO to F2 condition at higher energy
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(50 mJ) lead to the formation of air plasma along with material plasma at the rear side of
the film. Hence, at initial time scales (< 8 us) lower blow off shock velocities are observed
in the F2 condition with 50 mJ energy.

The LIBO shock wave velocities from all the metal foil/films studied are summarized in
Table 4.2 in FO, F1 and F2 focusing condition for 25 and 50 mJ laser energy at 1.05 us

time scale respectively. From the Table 4.2, it is evident that the blow off shock velocities

Table 4.2 The LIBO shock wave velocity of Ti (200 nm) and Cu (1.1 pm) thin films
were compared to the Al, Cu foils (20 pm) at 1.05 us

Energy Ti (km/s) Cu (1.1gm) (km/s) Al (km/s) Cu (km/s)
(mJ) Fo F1  F2 FO FI F2 Fo F2 FO F2

25 0.7 178 246 1.05 1.14 1.02 1.58 134 1.63 1.52
20 1.03 236 0.75 - 2.05 1.52 1.12 147 1.09 141

are higher for 200 nm Ti thin film compared to Al and Cu foils/films. It is also evident
that, for higher blow off shock velocity at lower energy (25 mJ), F2 focusing condition is
suitable and for higher energy (50 mJ) and F1 focusing condition is better in the case of
200 nm Ti thin film.

4.5 Shadowgraphy imaging of laser Blow-off

plasma from polymer films

Upon optimizing the laser focusing conditions w.r.t. laser energy for higher blow off
velocities from metal foils/films, the studies are further extended to the polymer samples
as the LIBO shock waves has specific application towards laser propulsion [29, 42, 43].
The main goal of this chapter is to increase/enhance the blow-off shock velocities with
similar or less laser energy by obtaining higher flyer ejection. By varying the laser focusing
conditions the enhancement in the blow-off shock velocities were achieved as discussed
above. In addition to the focusing conditions, the blow-off shock wave efficiency is further
enhanced using different target materials. Only materials with low thermal conductivity
i.e., polymers, were suitable targets because they have low ablation threshold and better
thermal diffusion than metals [42]. The laser blow-off study of polymers are very useful in
organic photo chemistry, lithography, laser ablative micro propulsion and micro thruster
experiments etc [49, 50, 51, 52, 53, 54].

Commercially available poly vinyl alcohol (PVA) powder (From Sigma Aldrich®) is mixed
with deionized water to get PVA solution with 10 %wt PVA. The PVA nano fibres are
extracted from PVA solution (10%wt) by Electro spinning method (Instrument model:
ESPIN-NANO, India). The 10%wt is maintained through out the process to get in house
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developed 10%wt PVA polymer film consisting PVA nano fibres of few mm to cm length.
Figure 4.14 (a) show the FESEM (Instrument model: Ultra 55 from Carl Zeiss at 30 kV)
image of the electro spun PVA nano fibres having 274 + 32 nm diameter and few mm to
cm length [55]. Figure 4.14 (b) shows the thickness of the 10%wt PVA nano fibre film

measured using profilo meter and it is about ~ 60 pm. To understand the blow-off shock
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Figure. 4.14 (a) FESEM image of the electro spun PVA nano fibres (b) thickness of
the PVA nano fibre film measured using profilometer; the image (a) is used with

permission [55]

wave properties from composite polymers, we have doped the gold (Au) nano particles
(rods) into the 10%wt PVA nano fibre film. The gold (Au) nano particles (15-20 nm
size) are synthesized (in house) using ps laser (EKSPLA, 30 ps, 532 nm, 50 mJ, 10 Hz)
ablation of gold plate in distilled water using Ultra fast Laser Ablation in Liquids (ULAL)
technique [55, 56]. The PVA powder is mixed with Au nano particle solution instead of
the deionized water to get 10%wt Au nano particles doped PVA solution. Later, the
solution is processed using Electro spinning to get gold (Au) nano particle doped 10%wt
PVA nano fibre film. Figure 4.15 (b-c) show the TEM image (Instrument model: Technai
G2 S-Twin at 200 kV) of the colloidal gold (Au) nano particles and FESEM image of the
Au nano particles doped 10%wt PVA nano fibres. The main reason to use the Au nano
particles in composite polymer film is that, the gold nano particles have light absorption
peak around 519 nm as shown in Figure 4.15 (a), which is close the laser wavelength (532
nm) used in the study. This will help to increase the coupling of the laser energy to the
polymer film. Figure 4.15 (d) shows the thickness of the 10%wt Au nano particle doped
PVA nano fibre film (AuPVA) measured using profilo meter and it is about ~ 35 ym. The
60 pm PVA (10%wt) nano fibre film and 35 pm Au doped PVA (10%wt AuPVA) nano
fibre film were adhered to the glass substrate (1.3 mm thick) to study the confined LIBO
plasma and shock waves in FO and F2 focusing condition at 25 mJ and 50 mJ respectively.
Figure 4.16 (a-d) shows the shadowgrams of the temporal evolution of blow-off plasma
and shock wave from 60 pym PVA and 35 pm AuPVA nano fibre films for 25 and 50 mJ
laser energies in F2 focusing condition.
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Figure. 4.15 (a) UV-Visible absorption spectra of gold (Au) nano particles (b) TEM
image of the colloidal gold (Au) nano particles (¢) FESEM image of the Au nano
particle doped PVA nano fibres (d) thickness of the Au doped PVA nano fibre film; the

images (a-c) are used with permission [55, 56]

a) glass + PVA 25 mJ

mJ b) glass + Au-PVA 2§
2.05ps SRS AR,

WA

c) glass + PVA 50 mJ d) glass + Au-PVA_50 mJ
&% ) ‘ RS 3

3:

Figure. 4.16 Shadowgrams of the temporal evolution of the laser blow-off shock wave
from (a,c) 60 pum PVA and (b,d) 35 pm AuPVA films at 25 mJ and 50 mJ laser energy
in F2 focusing condition

From the Figure 4.16 (a~-d) we have observed that the appearance of blow-off plasma and

shock waves is earlier in the case of polymer films than the metal foils, due to the low
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ablation threshold of polymers. The ejection of the flyer /plasma debris is observed around
~ 2 pus time scale in F2 focusing condition for both energies, which is not observed in
FO focusing condition. The flyer acceleration is more than the blow-off shock velocity in
F2 condition and it increased with the increase in the laser energy from 25 mJ to 50 mJ.
The ablative plasma and shock wave is observed only in FO focusing condition, it is not
visible in F2 condition for both energies. The rupturing of the blow off region from AuPVA
polymer film is more than the PVA polymer films. This may be due to the inhomogeneous
deposition of gold nano particles in the PVA film as well as due to the weak tensile bonds
created between the PVA nano fibre layers as the multiple nano fibre layer are electro
spun to achieve the micron thickness of the film. Figure 4.17 (a-b) compares the blow-off
shock wave evolution from 20 pm Al and Cu foils with the 60 pm PVA and 35 ym AuPVA
polymer films in FO and F2 focusing conditions at 25 mJ laser energy. In FO focusing
condition, the blow off shock velocity from 20 ym Al and Cu foils is higher than PVA and
Au doped PVA for 25 mJ energy at < 1 us time scale. After > 2 us time scale, the Cu foil
has lower blow off shock velocity than others and Al foil, PVA and AuPVA polymer films
has similar blow off velocity following the trend: Va; pva aupva > Ve, as shown in Figure
4.17 (a). The AuPVA blow off shock velocity decay slower than Al, Cu and PVA films
and among all the Cu foil has sharp decay nature. In F2 focusing condition, the Cu foil
has higher blow off velocity than Al, PVA and AuPVA at < 1.5 us time scales at 25 mJ
energy as shown in Figure 4.17 (b). After 1.5 us, Cu foil has lowest blow off velocity than
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Figure. 4.17 Temporal evolution of the laser blow-off shock wave velocities from 20 p
Al Cu foils, 60 pm PVA and 35 pm AuPVA polymer films at (a-b) 25 mJ and (c-d) 50

mJ laser energy in FO and F2 focusing conditions respectively.
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other over observed time i.e., Vi pva aupva > Voo While Al, PVA and AuPVA films has
similar blow off shock velocities in F2 focusing condition at 25 mJ laser energy except Al
has higher blow off shock velocity between 5 to 7 us than polymer films (PVA and AuPVA)
and Cu foil. From Figure 4.17 (c-d), for 50 mJ laser energy the blow-off shock velocity of
PVA and AuPVA are higher than Al and Cu foils following the trend: Vpya aupva (1.39
km/s) > Va ey (1.1 km/s) at 1 ps in FO focusing condition upto 3 ps time scales and
almost similar at later time scales. In F2 focusing condition, the blow off shock velocity
is higher for PVA film than AuPVA film and it is almost 1.5 to 2 times higher than blow
off shock velocities from Al and Cu foils following the trend: Vpya > Vaupya > Voo >
Va at < 2 us time scales. After 2 us, the blow off shock velocities of PVA and AuPVA
films is almost similar; and they are higher than Cu and Al foil shock velocities. The 20
pm Al foil has lowest blow off shock velocity than blow off velocities from Cu, PVA and
AuPVA films following the trend: Vpya aupva > Voo, > Vi It was more evident in F2
focusing condition that the blow-off shock velocities from polymer films at 50 mJ laser
energy are enhanced atleast ~ 1.5 times than FO0 focusing condition and a clear difference
between metal and polymer blow-off is observed. This is due to, efficient laser energy
coupling to polymer films and lower ablation threshold of the polymer films than metal
foils. The LIBO shock wave velocities for metal and polymer films are summarized in
Table 4.3. From the results, by changing the focusing condition from FO to F2 condition,
the blow off shock wave velocity is enhanced in both PVA and AuPVA polymer films with
optimum laser energy of 50 mJ. But there is no significant enhancement in the blow off
shock velocity from composite polymer films (AuPVA) compared to the normal polymer
films (PVA), which needs a further systematic study.

Table 4.3 Effect of focusing conditions on LIBO shock wave velocity from 60 ym PVA
and 35 ym AuPVA films compared to the 20 pm Al and Cu foils at 1.05 us.

Energy PVA (km/s) AuPVA (km/s) Al (km/s) Cu (km/s)

(mlJ) F0  F2  FO F2 FO F2 F0 F2
25 141 132 127 1.2 158 134 1.6 152
50 137 25 137 2.1 112 147 1.09 141

4.6 Conclusions

To summarize, the shifting of the focal plane from FO to F2 focusing condition resulted
in higher blow off shock waves from 20 ym Al and Cu foils at optimal laser energy of 50
mJ because of the ejected shock flyer/plasma debris. The effective enhancement in the

flyer diameter is observed to be more significant in the case of Al foil with F2 focusing
condition. From the LIBO study of the 1.1 gm Cu and 200 nm Ti thin films it is evident
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that the flyer generation is observed only for micron thickness films while for nano meter
films only blow off shock waves are observed because of the smaller film thickness. For
higher blow off shock velocity at lower energy (25 mJ), F2 focusing condition is suitable.
At higher energy (50 mJ) F1 focusing condition is better for the thin films (1.1 ym Cu
and 200 nm Ti). The attenuation of the blow off shock waves follows linear relation in
the case of thin films (1.1 gm Cu and 200 nm Ti) while it follows 1/r relation for 20
pm Al, Cu foils. The blow-off studies are further extended to the polymer (PVA) and
composite polymer (Au doped PVA) films as these studies are helpful to understand the
laser ablation propulsion. The enhancement of blow off shock waves are observed with F2
focusing condition with 50 mJ energy for both PVA and AuPVA polymer films than 20
pm Al and Cu foils. But, we have not observed any enhancement in the blow off shock

velocities from the composite polymer films (AuPVA) than normal polymer film (PVA).
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Chapter

Dynamics of spatially confined ns
laser induced air plasma and shock

waves

Spatial confinement of laser induced plasma in ambient air depends on the laser energy
used to create plasma, cavity geometry, cavity dimensions (i.e., aspect ratio) and the
material used to make the cavity. Many research groups confirmed the enhancement of
plasma emission properties based on the geometry of the cavity and the laser energy used.
However, a clear visualization of the processes leading to enhanced plasma emission are
sparse. In this chapter, we present the spatio temporal evolution of the ns laser induced
air plasma confinement using two different cavity geometries with the help of shadowgra-
phy imaging. The first geometry consists of a hollow rectangular cavity made of a glass.
While the second one is a cylindrical geometry made of different materials such as glass,
Cu, plastic and SS. The effect of input laser energy, cavity aspect ratio (L/D) on the exit
times of shock waves is studied. The laser energies used are in the range of 50-400 m.J,
corresponding to the peak intensities in the range of 2.5 - 20 x10° W/em?. The aspect

ratio is varied over 1 to 2.5 for tube geometries studied.

5.1 Introduction

In recent years, the study of the shock wave propagation inside the mm or micro sized
tubes have attracted the research community. Due to the availability of high power short
(ns) and ultrashort (ps, fs) lasers and with advancing of micro and nano technology, the
characterization of shock waves in mm sized, micron or nano range has emerged as an
interdisciplinary research topic [1, 2, 3, 4]. Unlike the conventional shock tubes, the laser

induced shock waves requires minimum operation and produces the pressures greater than
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GPa on the material surface [5, 6, 7]. Since the laser induced shock waves behaves similar
to the shock waves generated by conventional shock tube [8, 9], the shock tubes can
be miniaturized to lab scale using lasers. Here, the laser produced plasma acts as the
driver and generates shock waves into the tube [1, 3, 10]. The development of lab scale
laser based mm sized shock tube require proper understanding of the plasma and shock
waves propagation in confined geometry [7, 11, 12, 13, 14]. The downscaling of shock
wave effects the properties such as decrease in shock pressure, shock velocity attenuation
during the propagation, laminar and turbulent flow [1, 15, 16]. So to balance the interplay
between the down scaling of the shock waves to mm size and maintaining the shock wave
properties, we need to study the enhancement of the plasma and shock wave properties
in the confined geometry [11, 12, 13, 17, 18]. The study of the temporal evolution of the
laser induced plasma and shock waves in confined geometry is found applications such as,
understanding of the explosions in gas/oil pipes [19, 20, 21], chemical explosions in ducts
or tubes [21], flow of the fluids in capillaries i.e., microfluidics [22, 23, 24] and shock wave
propagation in solids [7, 21]. In laser based shock tube, the laser induced plasma and its
properties plays a key role. But the plasma and its mechanical (shock wave) emissions are
highly dependent on fluctuations in laser properties (energy, pulse shape, pre pulse), target
material properties (composition, mechanical properties, conductivity, melting point and
homogeneity of sample surface) [25, 26, 27, 28, 29]. In the laser based shock tube, the
confinement on plasma and shock waves expansion is applied perpendicular to the laser
propagation direction. This confinement is known as the lateral confinement or spatial
confinement geometry [11, 12, 17]. The process of the spatial confinement and its effect
on the laser induced plasma and shock waves inside mm sized tubes is discussed in this

chapter.
5.2 Spatial confinement of the laser induced plasma

and shock waves
Spatial confinement of plasma is a flexible and cost-effective method for enhancement of
optical and mechanical emissions from the plasma. Wherein the plasma is confined to a
smaller size by cavities of different geometries (cylindrical, hemi-spherical and rectangu-
lar) and structured surfaces (laser craters) [30, 31, 32, 33, 34, 35]. Combination of spatial
confinement along with magnetic confinement, spark discharge and dual pulse LIB were
also used for studying enhancement of plasma properties [36, 37]. In spatial confinement
process, at initial time scales the plasma expansion is similar to that of no-cavity (un-
confined) geometry but after the detachment of shock wave from the plasma, shock wave
reflects from the cavity walls and compresses the plasma at longer time scales, this is
known as plasma reheating [12, 17, 38]. Lot of recent reports on enhancement of LIBS
signal sensitivity using spatial confinement of plasma in cavity like structures with differ-

ent geometries [31, 33, 34, 38], attributed the enhancement of plasma properties to the
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reflection and compression of the shock waves. However, the visualization of this process
is sparse and shock wave reheating is not captured clearly. Additionally, Popov et al.
[17] suggested the enhancement could be the more effective collection of plasma radiation
due to the reflection from cavity walls. These warrants a complete investigation of the
evolution of the plasma and shock waves in confined geometry. In spatial confinement,
the plasma properties like plasma temperature and electron densities greatly depends on
the aspect ratio of cavity along with cavity geometry [33, 34, 39]. The aspect ratio (L/D)
is defined as the ratio between length (L) of the cavity to the inner diameter (D) of the

cavity.

5.2.1 Effect of spatial confinement of plasma

In the spatial confinement of laser induced plasma, the properties of plasma is similar to
unconfined /free expansion of plasma until the reflected shock wave from the cavity walls
compresses the plasma. Due to the spatial confinement and compression of shock wave,

the main plasma properties will be effected.

« Plasma temperature : In spatial confinement, when the shock wave compresses
the plasma, the mean free path (mfp) between the plasma species will decrease thus
collision frequency will increase. This leads to the increase in the internal energy
of the plasma species or plasma temperature similar to a compression of piston or
driver section of shock tube [8, 9, 10]. Several authors suggested that, the electron
temperature increases monotonically in plasma confinement [12, 40]. Shen et al.
[12], reported the increase in the plasma temperature by about 1000 K during 9
to 17 us when laser ablated Al plasma is confined in cylindrical confinement with
10.8 mm diameter. It is also found that, as the aspect ratio decreases, the plasma
density will be less than or equal to the unconfined geometry [41], this reveals that,

the effect of aspect ratio on plasma confinement is dominant.

o Plasma volume : Due to the confinement and compression by shock wave, the
plasma volume decreases when compared to the free or unconfined geometry. Yin et
al. [42] observed that, due to the cylindrical confinement the plasma morphologies

were much more stable and LIBS signal fluctuations are reduced.

o Electron density : Due to the spatial confinement and compression of the re-
flected shock wave, the plasma plume confines to a smaller volume. This results in
drastic increase of the electron number density. Gao et al. [41] reported that, the
enhancement of electron density is better with a cavity of 10 mm diameter and at

a delay time of 9us in case of laser induced Cu plasma.

o Plasma lifetime: Due to the reheating of the plasma, the plasma lifetime also

increases monotonically compared with free expansion [43, 44]. Choi et. al. [44]
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observed that, the signal intensity of Al III (452.8945 nm) emission was enhanced
5.5 times compared to the free expansion case by confining the plasma with acrylic

plate at 1 mm confining height from the sample at 1 Torr pressure.

o Emission intensity : Due to the plasma re-heating, the plasma lifetime increases,
so the plasma species will be excited more that leads to the increase in plasma
temperature as well as enhancement of the optical emissions from plasma. Based
on recent experimental studies, the emission intensity is greatly increased in spatial
confinement by a factor of 2-10 [11, 17, 39], when compared to freely expanding

plasma from ablation of solids.

Although many research groups [11, 12, 17, 32, 33, 34, 36, 37, 38, 38, 40, 41, 42, 43, 44|
reported the enhancement of plasma emission through semi or partial confinement of
laser ablative plasma from solids, clear visualization of the processes [31, 39, 45] (radial
shock wave reflections, plasma compression and squeezing) resulted in the plasma emission
enhancement are sparse. This chapter presents the results from imaging of plasma and
shock waves due to complete spatial confinement of ns laser induced plasma in air. The
spatio temporal evolution dynamics of the plasma and shock waves inside symmetric and
asymmetric cavities clearly showed the process of plasma reheating by reflected shock
waves from cavity walls. This is confirmed by the longer lifetime of the plasma imaged
by plasma self emission study. The effect of input laser pulse energy, cavity geometry and
aspect ratio of the cavities on plasma and shock wave evolution are presented. The spatio-
temporal evolution of the shock waves from ns LIB of air in spatially confined hollow
cavities/tubes were compared with that of free evolution of plasma in air to explicitly

bring out the physical processes occurring during the confinement.

5.3 Experimental Details

The detailed experimental schematic for imaging the spatially confined laser induced
plasma and shock waves in air is described in chapter 2. The experiments were performed
using second harmonic laser pulses from a Q-switched Nd: YAG laser (TITAN-5, M/s
Amplitude Technologies) beam (10 ns, 532 nm) of 22 mm diameter was focused inside the
hollow glass tube (at the centre of tube) using 150 mm focal length in f/7 geometry to
initiate the breakdown of air. To clearly understand and visualize the processes involved
in the spatial confinement of laser induced air plasma, we have used different cavity
geometries with different aspect ratios. A He-Ne probe beam of 47 mm diameter was
used to capture the shadowgraphic images using an ICCD camera and the plasma lifetime
is visualized from self emission study of plasma confinement. The experimental data
(shadowgraphy and self emission studies) was collected from an initial delay time 500 ns
to 30 us with a delay step size of 500 ns. We have used two kinds of spatial confinement

geometries: rectangular geometry and cylindrical geometry. The details of geometries
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used to describe the dimension of confinement hollow tube were shown in Figure 7.1.
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Figure. 5.1 (a) rectangular and (b) cylindrical geometry hollow tubes used for spatial

confinement of air plasma

The processes involved in spatial confinement of air plasma viz, radial shock wave re-
flection, compression of plasma (or plasma reheating), multiple reflection of radial shock
waves and plasma lifetime is studied using a rectangular hollow glass tube (made of 4
glass plates) with different aspect ratios. In cylindrical geometry, we have studied the ef-
fect of confinement material along with aspect ratio by investigating the shock exit times
along laser propagation axis. The spatial confinement of plasma is studied for input laser
energies of 50, 200, 400 mJ with corresponding intensities in the range of 1.2 - 20 x10°
W/em?. We have taken precautions such that the laser pulse is always focused at the
centre of the hollow tube. In rectangular spatial confinement geometry, in addition to
reflected shock waves from cavity walls at £Y direction, the reflected shock waves from
+X direction also contribute to the compression and reheating of the plasma. The ef-
fects due to the reflected shock waves from + X direction are integrated along the probe
propagation direction and can not be distinguished in our present experimental setup.
However, they follow the similar behaviour as reflected shock waves from 4+ Y direction.
As the dimension of the cavity along +X is 11 mm, the reflected shock waves from +X
direction come later than +Y direction, leading to the asymmetric compression of the

plasma.
5.4 Dynamics of spatially confined air plasma in

rectangular geometry
In this geometry, four glass plates of 1.3 mm thickness and of different lengths were glued
to create a hollow rectangular tube with different aspect ratios. The details of hollow tube
dimensions were listed in table 5.1. The inner separation of the walls along Y-direction
is taken as 'D’. As the plasma and shock wave dynamics along Y-direction are captured
by the probe beam. A nano second laser is focused at the centre of hollow tube (along Z
direction) as shown in Figure 7.1(a). The spatial confinement of air plasma in rectangular
geometry is an asymmetric compression process since the two inner diameters of glass
tubes are different. This geometry is very useful to visualize the different processes of

spatial confinement of air plasma and used to validate the 2-D FLASH simulations [46].
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Table 5.1 Dimensions of the hollow tubes used for spatial confinement of air plasma in

rectangular geometry

Material Rectangular geometry
L (mm) D(mm) L/D

Glass 8+0.5 8+0.2 1
12+0.5 8+0.2 1.5
16+0.5 840.2 2

5.4.1 Visualization of Spatial confinement of air plasma inside

rectangular hollow glass tube of L/D=1.5
A laser pulse of 50 mJ energy is focused (using f/#7 geometry) at the centre of a rectan-
gular glass tube of 12 mm length and 8 mm diameter (I./D =1.5), to create an air plasma.
Figure 5.2 shows the shadowgrams of the spatial confinement of air plasma by a hollow

glass tube in rectangular geometry with L/D =1.5.

From the images it is observed that, after plasma expansion and detachment of shock
waves, the freely propagating shock wave from plasma is reflected by both the confining
boundaries (glass) along Y direction around 5.5 us. The reflected shock wave propagating
towards plasma centre (or glass centre) interacted with the plasma boundaries around ~
7.5 to 8.5 us and compresses the plasma from both ends (+Y"). This process is known
as plasma re-heating or shock wave focusing [38, 39]. In the process of shock wave
compression of plasma, we observed a secondary shock wave (SSW) detachment from
plasma that propagated in the already shocked region (Figure 5.2 (a)). Experimentally,
the formation of secondary shock wave is clearly observed for low energy i.e., 50 mJ
case only (Figure 5.2 (a)) and for high energies we have not observed clearly. But the
coalescence of primary and secondary shock waves along +Y direction is observed for all
the laser energies used (see Figure 5.6). The role and effect of the secondary shock wave
on the enhancement of plasma properties in rectangular spatial confinement plasma is
explicitly observed by imaging the plasma. The observations were corroborated by the
numerical simulations performed using 2-D FLASH Radiation Hydrodynamic codes [46].
Details of the simulations are out of scope of the present thesis. However, the highlights

of the simulated results were given briefly.

Due to the compression of shock wave, the plasma number density as well as plasma
temperature increases and size of the plasma is decreased along transverse (Y) direction.
Due to the confinement of plasma along Y direction, it tries to expand along laser prop-
agation direction (£ Z) as the tube has no confinement along Z direction. This increases

the plasma length (it is defined as the sum of the contact front positions along +7Z and
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Shock wave

Air plasma

12 mm

Figure. 5.2 Shadowgrams of temporal evolution of air plasma and shock waves in
spatial confinement inside a rectangular glass cavity with L/D=1.5 with different laser
input energies (a) 50 mJ (b) 200 mJ (c) 400 mJ

-7) along laser propagation direction (as shown in Figure 5.2). Due to the squeezing of
plasma, the density of the plasma is redistributed, which allows the two reflected shock
waves from both cavity walls along Y direction, pass through the plasma. These two
reflected shock waves interact with the plasma and with each other along Z axis at ~ 10
us and ~15 us respectively (Figure 5.2 (a-c)). After 15 us, the reflected shock waves from
cavity walls £ Y pass through each other. Due to this, a cell like structure is formed
along + Z axis. This cell like structure moves in the same direction (£Z direction) as
the primary shock wave, drags the plasma along with it, which resulted in increase in
the plasma length along 4+ 7 direction. The maximum increase in the plasma length is
observed when the cell like structure exits from the glass tube (~ 21-22 us). This is
observed to increase the plasma volume (plasma relaxation) due to the drag of reflected
shock waves along Y direction and cell like structure along 7 direction. These reflected

shock waves from +Y and -Y directions are observed to get reflected again by the cavity
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walls of -Y and +Y direction respectively and interacts with the relaxing plasma again.
The propagation of reflected shock waves through the plasma continues till the decay of
the strength of the shock waves, which in turns depend on the input laser energy. Due to
multiple interaction of the shock waves with the plasma, the plasma along +7 direction
is observed to live longer. This is confirmed by the increased plasma length along +7 di-

rections (Figure 5.3). The same is confirmed by the self emission imaging studies (Figure
5.8).

5.4.2 Energy dependence on the spatial confinement of air

plasma and shock waves inside rectangular cavity
As the laser input energy is the main source to create the plasma, the plasma and shock
wave properties greatly depends on the input laser energy. The detailed description on

the effect of input laser energy on the air plasma and shock wave properties were given
below.

5.4.3 Energy dependence on the temporal evolution of plasma
length

Figure 5.3(a,b) shows the effect of energy variation on the temporal evolution of spatially
confined air plasma length (indicated by contact front position ) along £7 direction inside
a rectangular hollow glass tube. Since the confinement is along + Y direction and we were
able to clearly quantify the plasma size along +Z7 direction. For 50 mJ energy, in free
expansion of air plasma, the contact front position along +7 direction increases upto 5

us and it decreases linearly at later time scales (Figure 5.3 (a,b)). In the case of spatial
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Figure. 5.3 Energy dependence on temporal evolution of plasma contact front position
along +7 in spatial confinement of air plasma inside a rectangular hollow glass tube of

L/D=1.5

confinement of air plasma, the plasma contact front position is similar to that of the

unconfined expansion upto 5 us. However beyond 5 us, the plasma contact front position
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does not decrease and showed an interesting evolution depending on the input laser energy.
For 50 mJ input laser energy, the plasma contact front position remained at ~ 2.5 mm
along -Z and ~ 2.2 mm along +7 direction till 8 to 9 us. From 9 to 10.5 us (after reflection
of transverse shock wave) onwards the plasma contact front (CF) position increases due
to the compression of the reflected shock waves from the cavity walls along the transverse
(£ Y and £+ X ) direction. After ~17 us, a sharp rise in CF position is observed due to
the drag of cell like structure and CF position reaches to maximum value i.e., 3.31 mm at
~21.5 ps along -Z and 2.94 mm at ~ 20.5 us along +7 direction. The cell like structure
leaves the cavity and contact front position decreases to ~ 2.5 mm along -Z and ~ 2.2 mm
along +Z direction gradually as shown in Figure 5.3. During the 15 to 22 us, the reflected
shock waves from + Y cavity walls were observed to pass through the plasma leading to
compression and reheating of the plasma. This confirms that the spatial confinement is

increasing the both the plasma length and its lifetime.

A similar enhancement of the plasma length is observed with increase of the laser input
energy to 200 mJ and 400 mJ. For 200 mJ energy, the confinement has increased the
plasma contact front position from ~ 4.3 mm along -Z and 2.6 mm along +7 at 3 us to
~ 4.6 mm along -Z and 4.1 mm along +7Z at 5-6 us. After 6-7 us (shock reflection time),
the plasma contact front position increases due to the compression of the reflected shock
waves from cavity walls along +Y direction. In this case, the propagation of reflected
shock waves through the plasma is observed to increase the plasma length from 7 us and
reaches to maximum i.e., ~5.8 mm along -Z and 5.5 mm along +Z at 17.5 us (due to the
exit of cell like structure) as shown in Figure 5.3. After 17.5 us, the contact front position
decreases until 21.5 ps along -7 and 27.5 us along +7 direction. After that, the contact
front position again increases due to the secondary reflection of reflected shock wave from

+Y direction by the cavity wall of -Y direction and vice-versa as shown in Figure 5.6.

For 400 mJ energy, the reflected shock waves from £ Y cavity wall is observed at 4 to
5 ps and its propagation through the plasma has continued till 20 (along +Z) to 25 us
(along -Z). During this period, the plasma contact front position has reached a maximum
of ~8.2 mm along -Z, 6.6 mm along +Z at 17 to 18 us. After 18 us, the contact front
position decreases to ~7.5 mm along -7, 6.6 mm along +7 by 21 to 24.5 us respectively.
After that, CF position again increases due to the secondary reflection and interaction of
reflected shock waves with the plasma until 30 us.

For laser input energies 50 mJ, 200 mJ and 400 mJ, the enhancement or increment in
the air plasma length (defined as sum of CF position along +7Z and -Z) is around 1.5
to 2 times along -7 direction, when compared to the free expansion. The contact front
position along +7 direction shown similar evolution to that along -Z direction with a

small difference due to the asymmetry of laser deposition at the focal plane [35, 47].
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5.4.4 Energy dependence on the temporal evolution of axial

shock waves
Figure 5.4 (a,b) shows the effect of energy on the temporal evolution of the shock front
position along + 7 direction in spatial confinement of air plasma inside hollow glass cavity.
For 50 mJ energy, the temporal evolution of shock waves along + 7 direction in spatial
confinement is equal to that of the unconfined shock waves (within the experimental
limits) from air plasma along 4+ Z direction of respective energy. This clearly shows that
there is no effect of spatial confinement along laser axis (+ Z) as the longitudinal ends of
the hollow glass tube were open allowing the shock waves to exit freely. Since the hollow
glass tube provides complete confinement along + Y and £+ X direction, the transverse
shock waves reflects from the glass walls and compresses or reheats the plasma, is not

observed to affect the shock front propagation along the laser axis at these energies. The
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Figure. 5.4 Energy dependence on the temporal evolution of shock waves along +7

(axial) direction in spatial confinement of air plasma inside a rectangular hollow glass
tube with L/D=1.5

shock wave will exit from the hollow glass tube around ~10 us along +7 direction and ~
10.5 us along -Z direction in the case of 50 mJ laser input energy. Due to abrupt change
in the pressure/density gradient inside hollow glass tube and surrounding air medium,
shock and mass density vortices are formed at all the eight edges of the glass tube
as shown in shadowgrams (see Figure 5.2, 5.5). These shock and mass density vortices
with very high density will curl around the glass tube edges depending on the boundary.
Figure 5.5 shows the shadowgram of spatial confinement of air plasma at 400 mJ laser
input energy at 15 us time scale, clearly showing the shock vortices at the cavity edges.
At the +Z and +Y direction (quadrant I) edges, the shock and mass density flow curls
along anti clockwise direction as shown in Figure 5.5. Same behaviour is also observed at
the -Z and -Y direction boundary (quadrant III). While the edges falling in quadrant III
and IV, the shock and mass density flow is observed to curl along clockwise direction. The

shock wave exit times and shock vortices greatly depends on the laser input energy. As
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Figure. 5.5 Formation of the shock and mass density vortices along cavity edges in

spatial confinement of air plasma inside a rectangular cavity with L/D=1.5

the laser input energy increases from 50 mJ to 400 mJ, the shock exit times will decrease
and the shock vortices curling around the glass tube edges are very clearly visible. The
energy dependence on shock wave exit times is summarized in Table 5.2. We have not
considered the friction factor between propagating shock waves and the walls of cavity
i.e., dependence of hollow tube material and its surface roughness, it becomes a dominant
factor in case of micro-tubes (i.e., having few pum of diameter) which will effect the shock

wave exit times and density of the shock vortices.

Table 5.2 Exit time scales of shock waves along +7 direction w.r.to the variation of
input laser energy in spatial confinement of air plasma inside a rectangular cavity with
L/D=1.5

Energy L/D=1.5
-Z +7Z

50 mJ D s 5.0 us
200 mJ 3 pus 3.5 us
400 mJ 2us 2.5 us

5.4.5 Energy dependence on the temporal evolution of radial

shock waves
Figure 5.6 shows the energy dependence on the temporal evolution of shock waves from
spatially confined air plasma along 4+ Y (transverse) direction. The temporal evolution of
shock waves along +Y direction is compared to the free expansion of shock waves from air
plasma along same direction at different input energies of 50, 200 and 400 mJ as shown in
Figure 5.6. In the free expansion of shock waves from air plasma, the shock front radius
increases linearly following the self-similar solution/Sedov-Taylor theory [8, 35, 47]. In the

case of the spatially confined air plasma, the shock evolution along 4+Y direction followed
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the evolution of a freely expanding air plasma till the shock wave front reached the glass
tube or cavity walls along +Y direction. As the separation (diameter) between the glass
walls along Y direction is 8 mm, the shock wave front along +Y direction propagates
following Sedov-Taylor expansion till 4 mm in either direction. At ~ 5 to 6 us (Figure
5.6) the shock wave front will encounter the glass wall and reflected. After interaction of
the transverse shock wave front with the glass plate, the shock wave reflects back into the

tube due to the huge acoustic impedance mismatch between air and glass.
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Figure. 5.6 Temporal evolution of (a) shadowgrams of plasma and shock waves (b)
transverse shock waves along +Y direction; the plasma self emission images of (c)
spatial confinement of air plasma of 200 mJ energy inside a rectangular hollow glass
tube with L./D=1.5 (d) freely expanding air plasma with 92 mJ energy; the -ve sign
along Y axis (shock front position) is used represent the reflected transverse shock wave

propagation from one end of the tube to other end through plasma centre

In the case of 50 mJ air plasma confinement inside glass tube of L/D=1.5 (i.e., L=12 mm,
D=8 mm), the reflected transverse shock wave interacts with the plasma outer region (or
contact front) around ~ 7.5 to 8.5 us and compress the plasma core which increases
the plasma CF position around ~ 2-2.5 mm (max.) compared to free expansion case
along both +7 directions (overall increase in plasma length is around 4-5 mm). Since
the plasma has low density/density gradient (i.e., from 7 to 9 us) the reflected transverse
shock waves will propagate through the plasma core and interact with each other at
the centre of plasma core around ~14 to 16 ps. Due to the interaction of shock waves,
maximum compression of the plasma core is observed. The simulations also revealed that,
the maximum enhancement of the number density and plasma temperature is observed
at the same time scales [46]. After the interaction, the two shock waves move forward
to other side of glass tube inner surface. Due to this, the plasma size is elongated along

+ Y direction (see Figure 5.2). In this case, we have not observed the secondary shock
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wave coalescence with the primary shock waves. However, this effect is clearly visible along
transverse direction with higher energies as shown in Figure 5.6. The simulations revealed
that, due to the shock wave coalescence the plasma properties are greatly enhanced. For
higher energies (200 mJ, 400 mJ), the reflected transverse shock waves are again reflected
by the other end of the tube leading to another compression of plasma core (Figure 5.6)
and mass density vortices also observed at the tube edges.

With the increasing laser energy the plasma dimension increases. Hence for a given cavity
with a fixed "D’ (diameter), the reflections of the transverse shock waves from the walls
will be occurring earlier. As the input laser energy increased from 50 mJ to 200 mJ and
400 mJ the reflection of the shock waves from +Y direction has reduced as shown in Table
5.3. These reflected shock waves after passing through the plasma, reach the cavity wall
at -Y direction at ~ 17 to 18 us for 200 mJ and ~ 14 us for 400 mJ of laser energy. At
50 mJ, the second reflection of shock wave from -Y direction is not observed. For higher
energies (200 mJ, 400 mJ) the shock wave along £+ Y direction are observed to bounce
back and forth between the cavity walls. This is analogous to that of a cavity round
trip of a laser, but in transverse/radial direction and is termed as transverse shock wave
round trip time (tg). This ¢4, dependent primarily on the input laser energy and the
cavity dimension. For rectangular glass cavity of D= 8 mm, the ¢, is observed to be ~
17.5 ps, 14.5 pus and 10 ps for input energies of 50, 200 and 400 mJ respectively. This
tsre is observed to match with the oscillations of plasma contact front as shown in Figure
5.3. This process i.e., transverse shock wave reflection and compression of the plasma is
cyclic until the strength of transverse shock waves reach the ambient air pressure. This is
the reason behind the observation of multiple enhanced plasma emissions between certain
time delays/scales only [11, 41, 48].

Table 5.3 Reflection time scales of transverse shock wave along +Y direction w.r.to the
variation of input laser energy and aspect ratio (L/D) in spatial confinement of air

plasma inside a rectangular glass cavity

Energy L/D=1, 1.5, 2
+Y

50 mJ 5-6 us
200 mJ 3.5-4 ps
400 mJ 2.5-3 us

5.4.6 Energy dependence on the temporal evolution of

secondary shock wave
The novelty of the work is the generation of secondary shock wave. When the transverse
shock wave is confined and reflected from the glass tube inner surface, the transverse

shock wave interacts and compresses the plasma outer region (contact front). Due to the
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high pressure gradient between plasma and ambient air inside the rectangular glass cavity,
the high pressure/ density plasma decays again by generating another shock wave, which
termed as secondary shock wave (SSW). The experimental observation and evolution
of secondary shock wave is shown in Figure 5.2(b) clearly for 50 mJ energy inside a
rectangular cavity with L/D=1.5. Due to the experimental challenges, the evolution of
secondary shock wave front position is measured along 47 direction only. Figure 5.7
shows the temporal evolution of secondary shock wave along £7 direction for 50 mJ laser
input energy focused inside a rectangular cavity with L/D=1.5. The secondary shock
wave detached from the plasma around ~7 ps, which is the interaction time of transverse
shock wave with plasma outer region. Due to the compression of the plasma core by the
transverse shock wave, the pressure gradient between plasma and surrounding medium

inside glass tube increases, leading to the generation of secondary shock wave.
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Figure. 5.7 Energy dependence on temporal evolution of secondary shock wave along
+7 direction in spatial confinement of air plasma inside a rectangular glass cavity with
L/D=1.5

The secondary shock wave propagates into the shocked medium created by primary shock
wave and coalesces with the primary shock wave. The evolution of secondary shock wave
is clearly observed in the case of lower laser input energy i.e., 50 mJ (see Figure 5.2 (b),
5.7). As the energy increased from 50 mJ to 400 mJ, the velocity of secondary shock
wave also increases and it will coalescence with primary shock wave early. For higher
energies, the plasma plume is very bright (< 5 us) and saturates the ICCD camera.
Hence we are not able to capture the secondary shock wave measurement experimentally.
However, this is observed in FLASH-2D simulations [46]. The effect of input laser energy

on secondary shock wave can be observed in terms of the shock coalescence of primary
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and secondary shock waves along radial (£ Y) direction. This is manifested by sudden
change (decrease and then increase) of the reflected transverse shock front position along
+Y direction for 200 mJ, 400 mJ energy around 5 to 7.5 us, 2 to 4.5 us respectively.
From the captured shadowgrams, we have observed that in the case of 200 mJ energy,
the reflected transverse shock wave starts to interact with the plasma outer region around
~4.5 to 5.5 ps. The transverse shock wave is reflected back and at the same time we
have observed the sliding of transverse shock wave from the cavity wall on + Y direction,
causing the shock front position to decrease up to around ~1 us (see Figure 5.6). During
this time, the secondary shock wave catches the primary shock wave and coalesces with
it. This will increase the shock wave strength and the transverse shock waves transmit
through the low density plasma core. As the laser input energy further increased to 400
mJ, the reflected shock wave front position has similar behaviour as 200 mJ case and the
coalescence/sudden change of shock front position is observed earlier. The generation of
secondary shock wave and coalescence of primary and secondary transverse shock waves
is also observed at almost same time intervals for the respective input laser energies
in FLASH-2D Hydrodynamics simulations [46]. It also observed, due to the coalescence,
around these time scales we have observed more enhancement of spatially confined plasma

properties like number density and temperature [46].
5.4.7 Self emission study of air plasma inside a rectangular
glass cavity with L/D=1.5

Figure 5.8 shows the temporal evolution of self emission from air plasma inside a rectan-
gular glass cavity at 200 mJ laser input energy. The self emission images from air plasma
in confinement is captured using fast ICCD with different gate widths ranging from 2 ns
to 50 us and the gate delay from 400 ns to 100 us with a delay step size of 500 ns. The
gate width and gate delay were varied to get a clear image. From the Figure 5.8, at initial
time scales the plasma expansion is asymmetric similar to the case of free expansion un-
til the transverse shock wave reflects from the glass tube and compresses the plasma. In
spatial confinement of air plasma with 200 mJ energy, the transverse shock waves along +
Y direction is reflected from glass tube inner surfaces around ~ 3 to 4 ps and compresses
the plasma. Since the plasma shape is asymmetric having a dumbel like structure with
high temperature region towards laser direction (-Z) (opposite to the laser propagation
direction), the compression of the plasma along laser axis (£ Z) resulted in two individual
plasma hot spots around ~ 5 to 6 pus with high temperature region towards laser direction
as shown in Figure 5.8 (b) [35, 47, 49]. As the transverse shock wave propagates through
the plasma core, another hot spot is created around ~ 9 to 10 us along laser propagation
axis (+Z) which has low emission intensity than the two indicating a lower temperature
region. The appearance of three plasma hot emission spots is due to the maximum com-

pression of plasma core as both reflected transverse shock waves meets/interacts at the
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Figure. 5.8 Temporal evolution of self emission study from spatial confinement of air
plasma created with 200 mJ input laser energy inside a rectangular glass cavity with
L/D=1.5

centre around ~ 9 to 10 us time scales. As the two reflected transverse shock waves meet
and move forward, the plasma species are dragged along with the shock waves which
causes increase in the plasma size (along £Y) and fluctuations in the contact front posi-
tion (along + Z) as explained earlier in Figure 5.3. Due to this, the plasma emission hot
spots intensity also gradually decreases at longer time scales (> 15 us). At time scales >
25 ps the three plasma emission hot spots merged as one big ellipsoidal blob at the tube
centre. The increase in emission intensity (i.e, temperature) and emission hot spot size
of spatially confined plasma is observed until the time of experimental observation (100
us). This may be because of secondary compression of plasma core, due to the reflected
transverse shock wave from other sides of glass tube inner surfaces as shown in Figures 5.2,
5.6. This shows the increase in plasma emission life time due to the spatial confinement

of air plasma inside a rectangular glass cavity.

Figure 5.9 (a) shows the contour plot of line profile of temporal evolution of spatially
confined air plasma self emission at 200 mJ energy. Figure 5.9 (b,c) shows the contour
plot of line profile analysis of air plasma in free expansion for ~ 92 mJ energy. Due to the
spatial confinement and squeezing of the air plasma, the plasma emission length (emission
intensity spread) along laser axis is more compared to the free expansion (see Figure 5.9
(a,b)). In free expansion of air plasma, initially the plasma expands asymmetrically
along laser axis (& Z) up to 10 us (in case 92 mJ energy) then it collapses and begin
to expand along transverse direction (+ Y) [35, 48, 49], as shown in Figure 5.9 (b,c).
In free expansion, the emission intensity (i.e., temperature) is more (single hot spot) at
the plasma centre. But in spatial confinement of air plasma of 200 mJ energy, initially
the emission intensity is more at plasma centre, once the reflected transverse shock wave
compresses the plasma source (around 3 to 4 us) the emission intensity is spread along laser
axis with shifting of maximum emission intensity (i.e, high temperature hot spot) towards

laser direction as shown in Figure 5.6, 5.8, 5.9 (a), showing the asymmetric compression
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direction in spatial confinement inside a rectangular glass cavity with L/D=1.5; free

expansion of air plasma at 92 mJ energy (b) along £ Z direction (c) along + Y direction.

of plasma. At 9 to 10us, due to the maximum compression the plasma splits into three
temperature regions with high intensity towards laser direction, medium intensity at the
tube centre (plasma centre) and low intensity along laser propagation direction (Figure
5.8 (a)). At longer time scales (> 20 us) the plasma emission hot spot on either side
of the centre hot spot gradually decays. At the same time the centre hot spot emission
intensity as well as size (spatial spread) increases having maximum intensity at the plasma
centre. The emission intensity spread/size is almost constant through out the observation
time (Figure 5.9 (a)) and it is equal to the size at maximum plasma squeezing time
having maximum intensity at the centre of plasma (horizontally). By comparing Figure
5.9 (a), (b) & (c), in spatial confinement of the air plasma the emission intensity region
is broad due to compression and the decay of emission intensity is slow i.e, more life time
of emission source compared to the case of free expansion. So the spatial confinement
of plasma increases the plasma properties such as plasma volume, number density and
plasma temperature which in turn increases plasma optical emission intensity and life

time of plasma emissions.
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5.4.8 Aspect ratio (L/D) dependence on the plasma and shock

waves inside the rectangular glass cavity
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Figure. 5.10 Shadowgrams of temporal evolution of 50 mJ air plasma and shock waves

in spatial confinement inside a rectangular glass cavity with different L /D ratios

In spatial confinement of plasma, along with input laser energy the dimensions of cavity
plays a crucial role. The cavity dimensions can be described with a single quantity such as
Aspect ratio (L/D), which is a ratio between length of cavity to the inner diameter of cavity
[17, 39, 50]. To understand the effect of cavity dimensions on the spatial confinement of
plasma, we have to change either the length of cavity or inner diameter of the cavity. In
this section, we have studied/visualized the effect of aspect ratio (L/D) on the spatial
confinement air plasma inside a rectangular glass cavity by changing of cavity length
(L) at a constant diameter of the cavity (D). By keeping the diameter 'D’ constant, the
round trip time (tg.;) of the shock front along £ Y direction remains fixed at a given laser
energy. The details of rectangular cavity dimensions are mentioned in Table 5.1. Figure
5.10 shows the effect of aspect ratio (L/D) (i.e., length (L)) on the temporal evolution of
air plasma and shock waves inside the rectangular glass cavity. A detailed description of

the effect of spatial confinement on the air plasma when compared to the free expansion
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is explained in previous section.
5.4.9 Aspect ratio (L/D) dependence on the temporal

evolution of plasma length
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Figure. 5.11 Aspect ratio (L/D) dependence on temporal evolution of plasma length

along +7 in spatial confinement of air plasma inside a rectangular glass cavity

Figure 5.11 (a,b) shows the effect of length of cavity i.e., aspect ratio (L/D) on spatially
confined air plasma at 50 mJ energy inside rectangular cavity. By varying the cavity
length the contact front position is not varied much upto 15 ps, but it has increased
considerably than free expansion, indicating a longer lived plasma. This is due to the fact
that, since the diameter (D) of glass cavity kept constant, there is no change in the round
trip time of the shock front (t.;) along £ Y direction. But after 15 us, the occurrence of

the maximum contact front position changes in time due to the variation of cavity length.

As the cavity length increases, the morphology/shape of the plasma also changes from
ellipsoid to spherical shape. This is due to the change in the exit time of the cell like
structure formed by the interaction of reflected transverse shock waves. The maximum
contact front position is observed when the cell like structure exits from the cavity and
the cell like structure drags the plasma along 4+ 7 direction leads to the change in plasma
morphology /shape. As the cavity length increases, the exit time of cell like structure
increases thus decreases its strength/drag (i.e., which in turn depends on strength of
transverse shock waves) leading to decrease in the contact front position. The FLASH-2D
simulations have shown that, due to the variation of length of the cavity there is a slight
increment in the plasma properties like average number density, average pressure and
peak temperature [46]. This is due to the fact that a longer cavity confines the plasma
little longer, for a given laser input energy. For example, at 50 mJ laser input energy and
L/D=2, the entire plasma plume will interact with the reflected transverse shock wave,
while for /D=1, the plasma plume will lose its energy along + Z directions. Hence the
density and temperature of the plasma, getting affected by the shock waves reflected from

£ Y cavity wall will vary.
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5.4.10 Aspect ratio (L/D) dependence on the temporal

evolution of shock waves
Figure 5.12 (a,b) shows the effect of aspect ratio (L/D) (i.e., length (L)) on the temporal
evolution of shock waves from spatially confined air plasma along +7 direction inside
the rectangular glass cavity. Since the diameter of the tube (D) is kept constant, there
is no effect of the aspect ratio i.e., cavity length on (a) reflected transverse shock wave
velocity /strength as well as reflection time scales (b) on the generation and evolution
secondary shock wave.
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Figure. 5.12 Aspect ratio (L/D) dependence on temporal evolution of the shock waves

along +7 in spatially confined air plasma inside a rectangular glass cavity

Figure 5.12 (a,b) shows the effect of cavity length on spatially confined shock front position
of the plasma at 50 mJ energy inside rectangular glass cavity. From the Figure 5.12, it is
evident that the evolution of axial shock waves along + 7 direction are not effected due

to the variation of cavity length (L/D). However, the axial shock wave exit times varied

Table 5.4 Exit time scales of shock waves along +7 direction w.r.to the variation of
input laser energy and aspect ratio (L/D)in spatial confinement of air plasma inside a

rectangular glass cavity

Energy L/D=1 L/D=1.5 L/D=2
-Z  +7Z -Z +Z -Z +7Z

50 mJ D us 5.5 us 10 ps  10.5 ps 15 ps  15.5 us
200 mJ 3 us 3.5 us 6 us 6.5 us 11 pus 11.5 ps
400 mJ 2pus 2.5 pus 45 pus D us 85 us 9 pus

slightly. As the cavity length increases from L/D=1 to L/D=2, the axial shock wave exit
times also increases from 5 ps to 15 us but as the energy increases from 50 mJ to 400 mJ,
the axial shock wave exit time scales decreases. The aspect ratio dependence (L/D) on

the axial shock wave exit times for different energies were summarized in Table 5.4.
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5.4.11 Summary of the spatially confined air plasma inside

rectangular cavity
To clearly understand and visualize the processes involved in the spatially confined air
plasma evolution, we have used rectangular hollow glass tube with 8 mm constant inner
dimension (diameter). Since the rectangular cavity inner dimension is more than the
plasma size (or width), this enabled us to clearly understand the transverse shock wave
propagation, its reflection from the glass cavity inner surfaces of walls and compression
(asymmetric due to tube geometry) of plasma source by the reflected transverse shock
waves. This study also gave interesting facts about the generation of secondary shock
wave, shock wave coalescence effect on the plasma properties and energy dependence of
the spatially confined plasma with different aspect ratios (L/D). The axial shock wave
exit times and transverse shock waves reflection times from cavity walls w.r.to variation
of laser input energy as well as tube length (L/D) were summarized in Table 5.4, 5.3. The
compression and squeezing of the spatially confined air plasma inside rectangular glass
cavity leading to the variation of the plasma length and shock exit times mainly depends
on the laser input energy, cavity aspect ratio (L/D) and surface roughness of the cavity

material.
5.5 Dynamics of spatially confined air plasma inside

cylindrical cavity
After the clear visualization and understanding of the spatially confined air plasma and
shock waves inside a rectangular glass cavity, the studies were extended to the cylindri-
cal geometry. In this geometry, the spatial confinement of air plasma is studied inside
hollow cylindrical cavities. The spatial confinement in this geometry produces a radially
symmetric compression of air plasma by the reflected radial shock waves. Previous works
[11, 50] also confirmed that, the plasma emission enhancement is more in case of cylindri-
cal cavities than all other cavity geometries. Since the cylindrical tube is opaque to the
probe beam, the evolution of the axial shock waves exit and the ejection of the plasma
mass density along the 4+ 7 direction is visualized using shadowgraphy. Hence, we have
studied the effect of laser input energy and aspect ratio (L/D) (i.e., length (L)) on the
cylindrical confinement of air plasma inside different metal and non metal hollow tubes in
terms of shock wave exit times and evolution of the shock waves and plasma mass density

in the surrounding medium.

In this section, we have studied the spatial confinement of air plasma inside a cylindrical
hollow copper tube with an inner diameter of 4.7 mm and of different lengths 4.7, 7.05
and 9.14 mm leading to aspect ratios of 1, 1.5 and 2 respectively are used. Since the
diameter of the tube is constant, this geometry produces the symmetric compression of

air plasma due to the reflected radial shock waves. The dimensions of the cylindrical Cu
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Table 5.5 Dimensions of the different cylindrical hollow tubes used in spatial

confinement of air plasma in cylindrical geometry

Material Cylindrical geometry
L (mm) D(mm) L/D

Copper 4.654+0.3 4.69+0.12 ~1
7.054+0.3 4.694+0.12 ~1.5
9.41+0.3 4.694+0.12 ~2

tube used to study the confinement of air plasma is summarized in Table 5.5.
5.5.1 Visualization of spatial confinement of air plasma inside

cylindrical hollow copper tube

20 ps

Figure. 5.13 Shadowgrams of the temporal evolution of 200 mJ air plasma and shock

waves inside a cylindrical hollow copper tube with different L/D ratios

Nano second laser pulses of 10 ns pulse width are focused at the centre of the copper
tube. As the plasma expands, the detached shock wave propagates in all directions.
The reflected radial shock compresses the plasma along radial direction, which increases

the plasma length as discussed in rectangular geometry ( Figure 5.3). Figure 5.13 (a),
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5. Dynamics of spatially confined air plasma and shock waves

(b) & (c) shows the shadowgrams of temporal evolution of shock waves from spatially
confined air plasma at 200 mJ laser input energy inside a cylindrical copper tube along
+ 7 direction with different L /D ratios (i.e., length variation, fixed diameter). Since the
diameter (~ 4.7 mm) of the tube is almost equal to plasma size at higher energies(200 mJ,
400 mJ), the increase in the plasma length due to the symmetric compression of radial
shock waves is predominant. We have observed the ejected plasma mass density/ hot
gases after the exit of the primary axial shock waves from copper tube along +7 direction
similar to the conventional shock tubes [1, 2, 3, 4, 9]. The high density gradient between
the ejected plasma mass density and surrounding ambient air lead to the formation of
secondary shock wave in surrounding ambient air after the exit of the primary axial shock
wave from copper tube along + 7 direction (observed in all the cases). The exited axial
shock waves also have more density/strength because of less propagation of transverse
shock waves inside copper tube compared to that of the rectangular cavity. The ejected
mass density also expands with time into the surrounding ambient air. We have not
observed any shock wave vortices during the shock wave exit for L/D=1, 1.5, may be
due to higher energy (200 mJ), lesser tube diameter and also due to the ejection of mass
density. But we have observed the mass density vortices clearly with L/D=2 case. As
the energy of plasma increases, more plasma mass density/hot air gas is ejected into the
surroundings. The cell like structure behind the primary axial shock waves is observed in
all the cases, but it is more evident with lower energy (50 mJ) and higher L/D ratio of

copper tube.
5.5.2 Energy dependence on the temporal evolution of the
shock waves from spatially confined air plasma inside a

cylindrical copper tube with L/D=1.5
Figure 5.14 (a,b) shows the energy dependence on the temporal evolution of axial shock
waves along + 7 direction exited from the spatially confined air plasma inside a cylindrical
copper tube with aspect ratio L/D=1.5. Although we are not able to quantify the shock
front position inside the copper tube (because tube is opaque to probe beam), we can
compare the shock front position after the exit of the shock wave from copper tube with
free expansion shock front position. From rectangular geometry, we can understand that,
the effect of confinement is negligible on the axial shock waves propagating along +Z7
direction. But the confinement with different L/D ratios or energy dependence with

constant L/D, effects on the shock wave exit times from cavity/tube.

From the Figure 5.14 (a,b), it is clear that the shock front position in the case of the
cylindrical confinement is more than the case of free expansion. This is due to the fact
that, the diameter of copper tube is small and comparable to the plasma size. The
symmetric compression of the air plasma due to the reflected radial shock waves will

be higher and the plasma mass density ejection from tube will push the shock waves
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Figure. 5.14 Energy dependence on the temporal evolution of axial shock waves along
+ 7 direction in spatially confined air plasma inside a cylindrical copper tube with
L/D=1.5

position along +7 direction leading to the higher shock front position than that of the
free expansion case over the observed time as shown in Figure 5.14 (a,b). For 50 mJ
energy, the shock front position increases by ~ 0.3 mm to 0.5 mm along -Z direction and
~ 0.3 mm to 0.5 mm along +7 direction compared to the free expansion case. For 200 mJ
energy, the increment in the shock front positions is around ~ 0.2 mm to 2.4 mm along
-Z, ~ 0.3 mm to 1.8 mm along +7 direction, while for 400 mJ energy, the increment is
around ~ 0.5 mm to 2.8 mm along -Z, ~ 0.4 mm to 2.3 mm along +Z7 direction compared
to the free expansion of air plasma at respective energies as shown in Figure 5.14 (a,b). As
the energy increases, the shock front position increases in the case of confinement due to
the more ejection (push) of the plasma mass density w.r.t. the free expansion shock front
position. The increment in the mass density ejection due to higher energies, decreases
the axial shock wave exit times from the Cu tube. The shock wave exit time scales from

copper tube w.r.t. laser energy is summarized in Table 5.6.

Table 5.6 Exit time scales of the axial shock waves along +7 direction w.r.t. the
variation of input laser energy and aspect ratio (L./D) in spatially confined air plasma

inside a cylindrical copper tube

Energy L/D=1 L/D=1.5 L/D=2
Z  +7Z 7 +Z Z +Z

50 mJ 1.5 us 2 ps 4 pus 4.5 ps 6 us 6.5 pus
200 mJ 0.5 us 1 us 2 us 2.5 ps 3.5 us 4 ps
400 mJ - - 1.5 us 2 us 2.5 pus 3 ps
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5.5.3 Aspect ratio (L/D) dependence on the temporal
evolution of shock wave from spatially confined air
plasma inside cylindrical copper tube

Figure 5.15 (a,b) shows the aspect ratio (L/D) dependence on the temporal evolution of

axial shock waves along £+ Z direction exit from the spatially confined air plasma at 50

mJ laser input energy.
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Figure. 5.15 Aspect ratio(L./D) dependence on the temporal evolution of axial shock
waves along + 7 direction in spatially confined air plasma inside a cylindrical copper
tube

From the Figure 5.15 (a,b), it evident that there is an enhancement of ~ 10-20 % in the
shock front position with the spatial confinement. However, the increase in the aspect
ratio from L/D=1 to L/D=2, has not shown any observable enhancement except that
it increases the axial shock exit times from the copper tube along + Z direction. The
shock wave exit time from copper tube w.r.t. the aspect ratio(L./D) i.e., tube length is
summarized in Table 5.6. For 50 mJ energy, as the aspect ration increases from L/D=1
to /D=2 the axial shock front exit times are increased from 1.5-2 us to 6- 6.5 us along
+ 7 direction. For 200 mJ, the axial shock front exit times are ~ 0.5 to 1 us for L/D=1
and ~ 3.5 to 4 us for L/D=2 along + Z direction. For 400 mJ, the shock exit times are ~
1.5 to 2 us for L/D=1.5 and ~ 2.5 to 3 us for L/D=2 along + Z direction. The visibility
of the mass density vortices are better for higher energies with the higher aspect ratio of
the copper tube (L/D=2).

5.5.4 Role of the cavity/tube diameter in terms of aspect ratio

(L/D) on air plasma confinement in cylindrical geometry
From above work we observed that the diameter of the tube/cavity plays a key role than
the tube/cavity length. To understand the effect of tube diameter alone in aspect ratio
(L/D) on the spatial confinement of air plasma in cylindrical geometry, we have studied

the confinement process inside different cylindrical tubes made with different materials.
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This is performed by keeping the length of the tube almost constant and varying the
diameter (D) at the constant laser energy of the 200 mJ per pulse. The details of the

different type of cylindrical tubes used in this study are summarized in Table 5.7.

Table 5.7 Dimensions of the different cylindrical tubes used to study the effect of tube

diameter on the spatially confined air plasma in cylindrical geometry

Material Cylindrical geometry
L (mm) D(mm) L/D

Glass 15£0.5  12.5+£0.2 ~1.2
15.56+0.5 10.5£0.2 ~1.47

Plastic 17.8£0.22 16£0.15 ~1.1
17.84£0.22 13£0.15 ~1.36

Stainless steel 12.724+0.2 6.47+0.1 ~1.96
12.81+0.2 5.44+0.1 ~2.37

5.5.5 Glass cylindrical tube

To study the role of tube diameter (D) on the aspect ratio L/D in air plasma confinement,
we used glass tube of different diameters (12.5 + 0.2 and 10.5 £+ 0.2 mm) with almost
constant lengths (see Table 5.7). A nano second laser pulse of 200 mJ energy is focused to

create air plasma at the centre of the glass tube. Figure 5.16 (a-f) shows the shadowgrams

Figure. 5.16 Shadowgrams of the temporal evolution of spatially confined air plasma

inside a cylindrical glass tube

of temporal evolution of air plasma with 200 mJ energy inside a glass tube with aspect
ratio /D =1. As already explained, due to the cylindrical curvature, the evolution of
air plasma and shock waves inside the tube is not clearly visible. But due to plasma

continuum, we can observe the symmetric compression and squeezing of the plasma at
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initial time scales <5 ps (Figure 5.16 (b)). We have not observed the ejection of mass
density as in the case of copper cylindrical tube. This may be attributed to the large
diameter of glass tube compared to the copper tube or compared to the size of the plasma
(typically 4-6 mm for 200 mJ energy [35, 47, 51]). From the shdowgrams, the axial shock
waves are exited from the cylindrical glass tube around ~ 10.5 us along -Z and around
~ 11 us along +7 directions. While exiting from the glass tube, the shock waves curled
around the edges of glass tube forming shock vortices as shown in Figure 5.16. At longer
time scales > 20 us, we have observed a cell like structures behind the axial shock wave
as shown in Figure 5.16(f). The first cell structure is due to the expansion of the curled
shock waves along 4+ Z directions. This confirms that the mass density curling forms
the shock wave vortices leading to the cell like structure due to the squeezing of the
plasma by the reflected radial shock waves. The second cell structure clearly confirms
the propagation of the reflected radial shock waves through plasma core towards other
ends of the tube. Based on the number of cell structures appeared in the surrounding

air, one can estimate the number of radial shock wave reflections. Figure 5.17 (a,b)
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Figure. 5.17 Temporal evolution of the shock waves along +7 direction exited from the

spatial confinement of air plasma inside a cylindrical glass tube

shows the temporal evolution of axial shock waves emitted from the spatially confined
air plasma inside a cylindrical glass tubes with two L/D ratios. The shock front position
from the spatial confinement is also compared with the free expanding shock waves at
the corresponding plasma energy. The results show that there is no effect of a large tube
diameter on the exited shock wave evolution in ambient air. This is due to the fact that
the glass tube diameter is large compared to the plasma size (diameter), so the effect of
the spatial confinement on the air plasma is minimal. Although we have observed the
plasma compression but the squeezing of plasma is less in the case of higher tube diameter

compared to that observed with the rectangular glass cavity and cylindrical Cu cavity.

5.5.6 Plastic (PVA) cylindrical tube
Figure 5.18 (a-f) shows the shadowgrams of the temporal evolution of spatially confined

air plasma at 200 mJ laser input energy inside a plastic tube of aspect ratio L/D =1.5 as
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mentioned in Table 5.7. Since the plastic tube is not completely transparent to the probe
beam, the evolution of the air plasma and shock waves inside the tube is not clearly
visible. However, the plasma continuum confirms the squeezing of plasma size due to
compression of reflected radial shock waves at initial time scales < 3 us ( Figure 5.18 (b)).
In this case also, we have not observed the ejection of the plasma mass density as in the
case of copper cylindrical tube. This may be attributed to the large diameter of plastic

tube compared to copper tube or size of the plasma. The shock waves exited from the

Figure. 5.18 Shadowgrams of the temporal evolution of spatially confined air plasma

and shock waves along £7 direction inside a cylindrical plastic tube

cylindrical plastic tube around ~ 13.5 us along -Z direction and around ~ 14 us along
+7 direction. While exiting from the glass tube, the shock waves curled around the edges
of the plastic tube (i.e., shock vortices). At longer time scales > 18 us, we have observed
the cell like structures behind the shock wave as shown in Figure 5.18(f) similar to the

case of cylindrical glass tube. However, as the diameter of the plastic tube is more than
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Figure. 5.19 Temporal evolution of the shock waves along + Z direction exited from

the spatial confinement of air plasma inside a cylindrical plastic tube

that of cylindrical glass tube by 2 mm, only the first cell like structure is clearly visible,
the second cell structure is delayed slightly at 30 us as shown in Figure 5.18 (f). Figure
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5. Dynamics of spatially confined air plasma and shock waves

5.19 (a,b) shows the temporal evolution of shock waves exited from spatially confined air
plasma inside a cylindrical plastic tubes width two L/D ratios, (i.e., different diameter
tubes) along + Z direction. The results confirmed that a larger tube diameter is not

effective in enhancing axial shock waves.

5.5.7 Stainless steel (SS) cylindrical tube

Based on previous results, we have repeated the spatial confinement of air plasma inside a
stainless steel (SS) cylindrical tube with diameters almost similar to the air plasma size in
ambient conditions at 200 mJ laser input energy (i.e., typically 4-6 mm for 200 mJ energy
[35]). Figure 5.20 (a,b) shows the shadowgrams of the temporal evolution of spatially
confined air plasma at 200 mJ laser input energy inside a SS tube with aspect ratios L/D
~ 2, 2.4 as mentioned in Table 5.7. Since the SS tube is opaque to the probe beam, we
will observe only the evolution of exited shock waves from the tube and the ejected plasma

mass density. From the shdowgrams, the shock waves are exited from the cylindrical SS

Figure. 5.20 Shadowgrams of the temporal evolution of spatially confined air plasma

inside a cylindrical SS tube

tube around ~ 7.5 us along -Z direction and around ~ 8 us along +7 directions. Since
the both the SS tube diameters are almost equal to the plasma size of respective energy,
we have observed the shock waves with high density exiting along + 7 directions. In the
case of SS cylindrical tube with small diameter (i.e., high L/D ratio), we have observed
the ejection of the plasma mass density as well as mass density vortices similar to the

copper tube case around ~ 10 ps . While for SS tube with large diameter, the ejection
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of the plasma mass density is observed at longer times i.e., > 17 us). While comparing
the shadowgrams of SS tube with that of the images from Cu tube, the structures appear
to be similar to that of plasma mass density than that of cell like structures. So the

cell like structures are observed in the case of large diameter tubes only. Figure 5.21
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Figure. 5.21 Temporal evolution of the shock waves along + Z direction exited from

the spatial confinement of air plasma inside a cylindrical SS tube

(a,b) shows the temporal evolution of shock waves exited from the spatially confined air
plasma inside a cylindrical SS tubes with two L/D ratios, (i.e., different diameter tubes)
along + 7 direction. The shock front position in confinement geometry (with both tube
diameters) is more than that of the free expanding case. The ejection of the plasma mass
density is similar to the case of copper tube. This confirms that, as long as confinement
tube diameters are in the range of plasma size, we can observe the enhanced axial shock
wave evolution along 4 7 direction irrespective of length due to the plasma mass density
ejection. Since the diameter of the tube is almost equal to plasma size, the reflection
of the radial shock wave occurs earlier (i.e., less t4,) and the compression force on the
plasma greatly increases leading to more squeezing of the plasma along £+ Z direction. So
the increment in the plasma length due to reflected radial shock wave compression forces
the shock waves along + 7 direction until they reach an open end of the tube. Due to the
high pressure/density conditions inside the tube compared to the ambient air, the plasma
mass density as well as shock wave will be forced out along + Z direction like a stream
flow. The force with which they are ejected is equal to the pressure/density difference
between the ambient air pressure/density and the pressure/density inside tube. This
confirms that, the increment in the shock front position (except shock exit times) in the
confinement geometry mainly depends on the tube diameter and laser input energy but
not on the tube length. As the tube diameter decreases, the more plasma mass density
as well as shock waves along +7 direction forced out, that leads to the more increment
in the shock front position between confinement case and free expansion case as shown in
Figure 5.21 (a,b).

136



5. Dynamics of spatially confined air plasma and shock waves

5.5.8 Summary of the spatially confined air plasma in

cylindrical geometry
In the spatial confinement of air plasma inside a cylindrical tube, the reflected radial shock
waves compresses the air plasma symmetrically from all directions. Since the cylindrical
tubes are opaque to the probe beam, we could not able to visualize clearly, the radial
shock wave reflection and compression of the air plasma inside the tube but the squeezing
of the plasma is visible in semi-transparent non metal tubes due to the plasma continuum
at initial time scales < 5 ps. In spatial confinement of the air plasma, the diameter of the
tube (D) plays a key role than the tube length(L), because the compression and squeezing
of the air plasma highly depends on the strength of the reflected radial shock waves. This
is confirmed by the increment in axial shock wave position due to the ejection of plasma
mass density in smaller diameter tubes (copper and SS) while the larger diameter tubes
(plastic and glass) have no effect on axial shock waves. It is also noted that, the plasma
mass density observed only in tubes with diameter almost equal to the plasma size (or
diameter) at the respective laser input energy and the cell like structure is clearly observed

in tube with higher diameter (> plasma size).

5.6 Conclusions

To conclude, the temporal evolution of spatially confined air plasma and shock waves
inside rectangular glass cavity gave clear visualization of compression and squeezing of the
air plasma by reflected transverse/radial shock waves from cavity walls. The compression
and axial shock waves exit times mainly depends on the laser input energy and cavity
aspect ratio (L/D). The self emission study of the spatially confined air plasma confirmed
the enhancement of plasma life time. Since the tube diameter is more than plasma size,
the shock wave vortices formed due to sharp density gradient at the cavity edges and
cell like structures are observed due to the reflected radial shock wave interaction. From
cylindrical geometry, it is confirmed that the tube/cavity length alone is not effective on
the axial shock waves in the spatial confinement of air plasma. If the tube diameter is
almost equal to the plasma size (or diameter), we observe the ejection of plasma mass
density due to the symmetric compression and squeezing of the plasma, leads to the
increment of the axial shock front position. The ejection of the plasma mass density
mainly depends on the laser energy and tube diameter and it is constant for a particular
laser input energy and tube diameter irrespective of the tube length. The study of the
spatial confinement of the air plasma revealed the inter-dependency of the plasma and
shock waves. The reflected radial shock wave compression increases the plasma properties
such as plasma length, plasma life time and the squeezing of the plasma forces out plasma
mass density which increases the axial shock wave position. For a better understanding
and quantification of the enhancement factors of air plasma and shock wave properties,

we have utilized these experimental data to validate FLASH-2D simulations.
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Chapter

Dynamics of laser ablative shock
waves inside transparent dielectric

media

When a nano second (ns) laser ablates the target material in ambient conditions, the
shock waves are generated in surrounding medium as well as inside the target mate-
rial. The shock wave propagation inside target material is increased (or ablative shock
waves propagation in surrounding medium is minimized), using a thin layer (tamping
layers/coating/black paint) adhered onto the target material as a confining medium. The
enhanced shock wave properties like velocity, pressure are very useful in laser shock wave
processing of materials, especially for laser shock peening. Though most of the work is
done on enhancement of shock properties due to confinement, the clear visualization of
the process of enhancement and the effect of different laser and material parameters on
the enhancement factor is inadequate due to the opaqueness of solid materials to visible
radiation. Here, in this chapter, we present the visualization of shock wave propagation
inside a transparent solid, BK-7 glass due to the direct (unconfined) ablation and confined
ablation of BK-7 glass using metal thin films (Al, Cu) as confining medium. The relative
acoustic impedances of confining material and target material plays a crucial role in the
shock wave propagation inside the BK-7 glass. As the relative impedance increases, the
shock wvelocities are increased. In addition to the confinement material impedance, the
focusing conditions also effects the enhancement of the transmitted shock waves inside
BK-7 glass. This chapter provides a clear insight into how the shock wave properties en-
hance in the confined ablation and effect of the relative impedance of the confining thin film
and target material. The results of confined ablation are compared to the unconfined/direct
ablation case in the intensity ranging from 20 — 100 GW/cm? (i.e., for energies 0.5 - 2 J).
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6. Dynamics of laser ablative plasma and SWs inside BK-7 glass slab

6.1 Introduction

Laser solid interaction is different for short (~ ns) and ultra-short (~ ps and fs) laser
pulses due to different laser energy coupling mechanism to the material. In the case of
ns laser ablation, it can be characterized by thermal, non-thermal and combination of
both mechanisms [1]. Laser solid interaction can be divided into three phases [2, 3]: (i)
bond-breaking and plasma formation, (ii) plasma expansion and cooling and (iii) particle
ejection and condensation of the solid material. The laser ablation process will start with
electronic energy absorption (in ~ fs time scales) and ends with particle re-condensation
(~ms time scales). When ns laser pulses with irradiation < 10° W/cm? interacts with
the solid material, the absorption of the laser energy due the thermal vaporization causes
the breakdown of the medium within a small volume that leads to the bond breaking
and formation of the plasma until the termination of the laser pulse. Plasma formation
process includes bond breaking and plasma shielding during the laser pulse interaction
with the solid material surface. During the continuous ablation and heating of the plasma
(in case of ns pulses) high thermal pressures builds up inside the core of plasma. After the
pulse termination, the expansion of the plasma depends on the initial mass and energy of
the plume, which governed by initial plasma properties such as electron density, tempera-
ture and velocity. The plasma plume expansion is adiabatic during the first microsecond
after the laser pulse, afterwards, the plasma is cooled rapidly due to the loss the energy
by radiation and sudden release of the deposited energy into the surrounding gas in the
form of the Shock wave. The wave thus formed has a high pressure, density and energy
across it and propagates through the surrounding gas( or unperturbed gas medium) with
the supersonic speed. During the propagation, the undisturbed gas present ahead of the
shock wave is rapidly compressed and changes the density of the medium after passing
through it. Simultaneously, it also imparts momentum into the solid material in the form
of a compression wave due to the recoiling momentum of the plasma expansion. For our
work, the intensities are in the range 10° — 10 W /em?, which are slightly more than
breakdown threshold intensity () of a solid dielectric material. The plasma thus formed
at the ambient conditions, can be typically in laser supported detonation (LSD) regime
[3, 4, 5]. The Laser produced plasmas (LPP) were more interested in different fields be-
cause of its substantial applications to areas like inertial confinement fusion (ICF), X-ray
lasers, material processing, plasma diagnostics, lithography, pulsed laser deposition and
the study of elemental and chemical analysis of materials using LIBS, strengthening of
solid materials using laser shock peening, to generate the Equation-of-State (EOS), micro-
propulsion and also in medicine [6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22].
In contrast to the conventional impact experiments, with laser induced shock waves

(LISW) the investigation of laser induced dynamic loading of materials can be done within
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shorter (ns to ps) time scales and high pressures (> 1 GPa) [22, 23, 24]. The main chal-
lenge of the laser induced dynamic loading is to understand the behaviour of the shock
wave propagating inside the solid material. There are different techniques available to
understand the shock loading behaviour: Pressure gauges and Optical probe imaging
with fast camera (VISAR with streak camera/ICCD camera) [25, 26]. Pressure gauges
will gives only the information of shock pressure acted on the material after the shock
waves reached at the material surface only. The studies on the visualization of shock wave
propagation inside solid material are sparsely available due to the opaqueness of solids to
visible radiation. It needs sophisticated instruments such as X-ray sources, detectors and
VISAR with streak camera to monitor the shock wave inside solid materials [23, 26]. If
the solid material is transparent to the visible radiation, one can visualize the evolution
of the shock wave propagation inside the material and characterize the shock waves in
terms of radius/pressure. Hence, we used BK-7 glass slab which is transparent to visible
probe beam (633 nm) to study the shock propagation inside the solid material. The laser
induced breakdown of optical glass material found potential applications in various fields
such as laser micro-machining, 3-D wave guide structures, non-contact cutting of brittle
materials, making confining geometry targets, understanding damage morphology at in-
teraction zone, fabrication of micro-photonic devices and to clean the radioactive particles
from glass surface etc. to name a few [27, 28, 30, 31, 32, 33, 34, 35].

This chapter provides the combined effects of axial confinement (as discussed in Chapter
4) and spatial confinement (as discussed in Chapter 5) on evolution of shock wave prop-
agation inside BK-7 dielectric glass. The axial confinement of shock waves is achieved
using an overlay of Al/Cu foils, while the dimensions of the BK-7 glass has provided the
spatial confinement (due to glass-air impedance mismatch) of the shock waves propagated
inside BK-7 glass.

6.2 Experimental Details

Laser grade BK-7 (transparent dielectric) glass slab of 50 mm x 50 mm x 15 mm (L x B x
H) purchased from Holmarc® (India) is used as target. BK-7 glass is a borosilicate crown
glass extensively used for lenses, mirrors, windows, wave guides and laser components.
The BK-7 glass has a refractive index of 1.51 (ng), band gap of 4.7 eV, non linear refractive
index (ng) of 3.45 x107'% ¢m? /W, sound velocity (Cp) of 5.1 km/s and a shock impedance
of 1.27 g/em?® — s [36].

The experiments were performed using laser beam from a Q-switched Nd: YAG laser
(TITAN-5, 10 ns, 532 nm, 5 Hz) with 22 mm beam diameter, which was focused using
an anti-reflection coated plano-convex lens of 150 mm focal length in f/7 geometry to
initiate the breakdown of the BK-7 glass. The input laser peak energies were ranging
from 0.5 — 2 J were focused inside the BK-7 glass to a focal spot diameter of ~ 500 + 50

2

pm with corresponding laser intensities 2-100 GW /cm?. In this chapter, the dynamics
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of the laser induced shock waves inside BK-7 glass under the following conditions are
presented: (i) direct ablation of BK-7 glass and effect of laser input energy (ii) effect
of acoustic impedance of confining overlays by using Al, Cu foils of same thickness (20
pm): Zey (3.93) > Za (1.45) > Zpg 7(1.27) (in 10° g/cm? — s) (see Table 6.2) (iii)
effect of laser focal plane position shifting w.r.t. air-glass (direct ablation) and the foil-
glass (confined ablation) interface along with the effect of laser pulse energy. The spatio
temporal evolution of the laser ablative plasma and subsequent shock front (SF) evolution
inside the BK-7 glass as well as into the surrounding air medium from BK-7/Al+BK-
7/Cu+BK-T7 targets was captured using focused shadowgraphy technique [25, 37, 38]. An
expanded and collimated He-Ne probe beam of (a) 33 mm diameter is used for initial
studies on the effect of laser input energy in direct ablation of BK-7 glass (b) 47 mm
diameter is used to study the effect of laser input energy as well as the effect of focal
plane shifting in direct and confined ablation of BK-7 glass. The detailed experimental
schematic and settings of the diagnostic tools are described in chapter 2. Figure 6.1(a-d)
illustrates the schematic of laser irradiation of BK-7 glass in direct ablation mode and
ablation of Al/Cu foils confined to BK-7 glass as confining layers for different focusing
conditions. The caustic curves shown in the Figure 6.1(on the top) represent the laser
focusing plane. In the first case i.e., Figure 6.1(a,c), the laser beam is focused at the
interface of the air-BK-7 glass (direct ablation) or at the interface of Al/Cu foil-BK-7
glass (confined ablation). This case is called herein after as F0O focusing condition. In the
second case i.e., Figure 6.1(b,d), the laser beam is focused at a depth of 6 mm from the
air-BK-7 glass interface (direct ablation) or a depth of 6 mm from the Al/Cu foil-BK-7

FO0 geometry BK-7 glass EZ geomeny g BK-7 glass
Ablative shock $119Ck ave
Sk _\ wave inside BI§7
glass 0
? Laser BK-7 * Laser
C -/ glass L
a) b) Alor Cu
Al or Cu thin film
Al/Cu thin film (20 pm)
Transmitted W, (20 pm)
shock wave BK-7
inside BK-7 Laser glass Lascr
BK-7
glass
Al/Cu Ablative
©) shock wave ) 6 mm

Figure. 6.1 Schematic of laser induced breakdown of BK-7 glass in (a-b) direct
ablation mode and (c-d) Confined (Al/Cu + BK-7) ablation mode for different focusing

conditions
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interface (confined ablation). This case is called herein after as F2 focusing condition.
Since the focusing plane position in the F2 condition is shifted, the intensity at the air-

glass or foil-glass interface is lower than that of FO condition.

Figure. 6.2 The focal spot diameter at the target surface measured using burn patterns

(a) at FO focusing condition (b) at F2 focusing condition

Figure 6.2(a,b) shows the burn patterns of experimentally measured approximate focal
spot diameters for 150 mm lens in f/#7 geometry at FO and F2 conditions in the direct
ablation of BK-7 glass. From the analysis of burn patterns, the focal spot diameter at FO
focusing is ~ 458 £ 50 pum while it is ~ 737 £ 50 pm at F2 focusing condition.

6.3 Shadowgraphy imaging of Laser induced
breakdown of BK-7 glass: initial study

The laser induced breakdown of opaque solids are different to that of transparent solids
such as BK-7 glass. To understand the laser induced breakdown of the BK-7 glass, the
laser pulses of 10 ns pulse width having energies 0.5-2 J per pulse were focused inside the
BK-7 glass around 6 mm deep from the surface to avoid air breakdown before the laser
beam interacts with the BK-7 glass using a plane convex lens of 150 mm focal length
and 2wy ~ 0.5 mm in f/#7 geometry. The spatio temporal evolution of the laser ablated
shock waves in ambient air as well as inside the BK-7 glass was captured using an fast
gated (ns) ICCD camera and an expanded and collimated He-Ne probe beam of 33 mm
beam diameter with the help of shadowgraphy imaging. The ICCD gate delays are varied
from 50 ns to 20 us in steps of 250 ns with 2 ns gate width. Figure 6.3 (a-d) shows the
shadowgrams of the laser induced breakdown of BK-7 glass. Due to the laser induced
breakdown of BK-7 glass, we have observed permanent damage tracks inside the BK-7

glass [39] that showed an interesting energy dependence as shown in Figure 6.3(d).

Since our ICCD can capture ~ 1 frame per second, the experiment was repeated with
multiple shots on the BK-7 glass, with each laser shot interacting with a fresh BK-7 glass
surface, thus multiple permanent damages are visible inside BK-7 glass slab. Since the
material is transparent to laser wavelength and the laser intensity (20-100 GW/cm?) is
much greater than BK-7 breakdown threshold (I, ~ 0.1GW/cm?), a permanent damage

is observed inside BK-7 is in the form of a channel. The length and width of the permanent
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Figure. 6.3 Shadowgrams of laser induced breakdown of BK-7 glass in direct ablation

mode at (a-c) 2 J (d) 0.5 J laser input energies

damage inside BK-7 glass with varying energy is analysed using line profile and the average
values are given in Table 6.1. Since, the high energy ns laser pulses are interacting with
the BK-7 glass there could be a chance for self-focusing effect inside the material due to
the non linear optical processes [40, 41, 42, 43]. The self-focusing effect is a non linear
process in which due to the change in refractive index of the material, the diverging laser
beam gets focused again to create breakdown of material. In the Figure 6.3 (a), the sharp
tips at the end of the permanent damage tracks along laser propagation direction is due
to the self-focusing effect. This is verified by calculating the critical power required for
self-focusing of a 10 ns pulse inside BK-7 glass. The critical power for self-focusing in

BK-7 glass is given by [41]:
a\?

P, =
4rngns

(6.1)

Where A is laser wavelength, ng is refractive index of BK-7 glass (ng=1.51), ny is the non
linear refractive index of BK-7 (ny=3.45 x1071% ¢m?/W) and « is a constant, which de-
pends on the initial spatial distribution of the laser beam (for Gaussian beams a=1.8962)
[44]. The calculated critical power for BK-7 glass is 0.8 M. The power required for
self-focusing is: P = 3.7 x P,... So, for a 10 ns laser beam, the energy required for self
focusing is about ~ 30mJ. The self-focusing also affects the laser pulse to be shorter
due to the optical Kerr effect, until the laser power is less than the critical power (P,.).
The input laser peak powers used in the study are of the order 50-200 MW, which is
much higher than the critical power of the self-focusing (P,.) of the BK-7 glass i.e., 0.8
MW [41]. Hence, due to the self focusing of the laser beam a sharp tip at the end of the

permanent damage track is observed along laser propagation direction inside the BK-7
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glass. As the input laser energy increased from 0.5 to 2 J, the permanent damage track
length is increased due to the increased self focusing of laser beam while the width of the

damage track is saturated as shown in Table 6.1 and Figure 6.4 (b).

Table 6.1 Averaged Dimensions of the permanent damage tracks inside the BK-7 glass

with varying laser input energy

Energy Laser fluence Breakdown Length Breakdown Width

(J) (J/em?) in BK-7 (mm) in BK-7 (mm)
0.5 0.25x10? 4.76+0.2 0.394+0.12
1.0 0.5x103 6.35£0.5 0.47£0.17
1.5 0.76x103 6.63+0.2 0.43+0.12
2.0 1.01x10? 7.03£0.2 0.43£0.18

During the plasma cooling, a shock wave is launched into the BK-7 glass slab along 50
mm length as well as an ablative shock wave travelled into the ambient air simultaneously
[45, 46]. Since the probe beam diameter in the initial study of BK-7 direct ablation is
around 33 mm, which is less than the length of the BK-7 glass (50 mm) used, we are not
able to visualize the laser ablative shock waves in the surrounding air and inside the BK-7
glass simultaneously. The evolution of the laser ablative shock waves from transparent
solids (BK-7 glass) in surrounding air is similar to the laser ablation of opaque solids as
discussed by our group earlier [25, 47]. The temporal evolution of laser ablative shock
waves inside BK-7 glass is shown in Figure 6.3 (a-d). Although the permanent damage
is occurred 6 mm deep inside BK-7 glass, the shock wave evolution is observed from
the air-glass interface (or BK-7 glass surface) as shown in Figure 6.3 (a). So, the shock
wave velocity inside the BK-7 glass is measured from the glass surface only. The BK-7
glass slab is stacked on top of another BK-7 glass slab to observe the shock reflections
and transmissions due to the glass-glass/glass-air interfaces at different input laser pulse
energies in direct ablation and confined ablation. The evolution of the shock wave inside
the BK-7 glass is similar to that of the shock wave propagation in spatial confinement
i.e., inside tubes (chapter 5) [48], because the BK-7 glass boundaries acts as confinement
boundaries in all directions due to the impedance mismatch at the glass-air interface.
When the shock wave expands inside BK-7 glass, it reflects from the surfaces of the BK-7
glass perpendicular to the laser propagation direction due to the impedance mismatch
at the glass-air/glass-air-glass interface [49] (as explained in chapter 5). When the shock
wave interacts with the glass-air interface perpendicular to laser propagation, a part of
it is reflected from the interface and a part is transmitted to the air. The strength of
the reflected shock wave depends on the impedance condition of the both mediums (air

and glass) i.e., Zyass > Zair (see Table 6.2). We have not observed any transmitted
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shock wave from BK-7 glass to surrounding air or another BK-7 glass due to impedance
mismatch (glass-air/glass-air-glass interface). These reflected radial shock waves from
both the surfaces will interact and moves forward through each other forming a cell like
structure (as explained in Chapter 5) as shown in Figure 6.3 (c). Since the probe beam
diameter (33 mm) is less than the BK-7 glass slab length (50 mm), the reflection of
shock wave from the glass-air interface along laser propagation direction is not visible.
But the reflected shock wave front is almost planar, and it is propagated inside BK-7
glass opposite to the laser propagation direction (Figure 6.3 (d)) followed by the cell like
structure. The interaction of reflected radial shock waves and cell like structure is more

visible with higher energies.
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Figure. 6.4 Energy dependence on (a) temporal evolution of shock waves propagation
(b) optical breakdown length and width inside BK-7 glass

Figure 6.4 (a) shows that, as the input laser energy increases the shock wave velocity is
decreased [50] for all energies except for 1 J energy until time scales < 2.3 us by following
the trend: 1 J > 0.5 J > 1.5 J > 2 J. As the energy increases, most of the energy is
utilized to increase the permanent damage inside BK-7 glass by self focusing effect. After
2.3 ps, the shock velocity follows the trend: 0.5J > 1J > 1.5J > 2 J. At later time scales
> 3 us the shock wave velocity is constant for all the energies. The Figure 6.4 (b) shows
the energy dependent behaviour of optical breakdown length and width. It is observed
that, optical breakdown length is increasing and optical breakdown width is saturated

with laser input energy.
6.4 Effect of the laser focusing conditions on direct
and confined ablation of the BK-7 glass

To understand the coupling of the input laser energy to the material (here BK-7 glass),
we have studied the effect of the laser focal plane position w.r.t. BK-7 surface (FO and
F2) in the laser ablation of (a) only BK-7 glass (direct ablation) and (b) 20 um Al/Cu
thin foil confined to BK-7 glass (confined ablation). The temporal evolution of the laser

ablative shock waves inside the BK-7 glass at two focusing conditions (FO and F2) were
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captured using an ICCD camera, with the help of a He-Ne probe beam of 47 mm beam
diameter. The efficient coupling of the laser energy results in the enhancement of the
shock wave velocity inside BK-7 glass. So, the shock wave velocity inside BK-7 glass in
focusing conditions FO and F2 were compared in both direct ablation mode and confined

mode individually.

6.4.1 Direct ablation of the BK-7 glass

Figure 6.5 (a,b) shows the shadowgrams of the temporal evolution of the laser ablative
plasma and shock waves in ambient air as well as shock wave propagation inside the BK-
7 glass simultaneously, due to the direct ablation of BK-7 glass using 0.5 J laser input

energy at two focusing conditions (FO and F2).

0.5J BK-7_F0 0.5J BK-7 F2

- &
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Optical
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BK-7 Ablative
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Figure. 6.5 Shadowgrams of the laser ablative shock waves in ambient air as well as
inside BK-7 glass from direct ablation of BK-7 glass at 0.5 J in (a) FO (b) F2 focusing

geometries

In FO focusing condition, the laser beam focused on the surface of BK-7 glass (or at the
air-glass interface). Due to the laser ablation, the permanent damage tracks as well as
shock waves were observed from the target surface (Figure 6.5 (a)) as explained in the
previous section 6.4. In F2 focusing condition, the laser beam is focused 6 mm deep inside
BK-7 glass from the surface. Due to the ablation, although the permanent damage tracks
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are observed at 6 mm deep inside BK-7 glass, the shock wave evolution is observed from
the glass surface (Figure 6.5 (b)). As the laser input energy varied from 0.5 to 2 J, the
shock wave reflection from the edges of the glass due to glass-air impedance mismatch
is clearly visible and the propagation of cell like structure behind the shock wave is also

observed as explained in the previous section 6.4.
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Figure. 6.6 Temporal evolution of laser induced shock waves inside BK-7 glass from
direct ablation of BK-7 glass at 0.5 -2 J laser energy for FO and F2 focusing geometries

Figure 6.6 shows the energy dependence on the temporal evolution of the shock wave
inside BK-7 glass at FO and F2 focusing conditions. From the Figure 6.6, as the laser
energy increased from 0.5 to 2 J, the shock velocity inside the BK-7 glass is not effected
by the laser input energy except for 1 J energy, it is slightly increased (as discussed in
section 6.4). The shift in focal plane position of laser beam from FO0 to F2 condition has
also not effected the shock wave propagation inside BK-7 glass except for 2 J energy it is
slightly increased at 0.4 ps in the direct ablation of BK-7 glass as shown in Figure 6.6.

6.4.2 Confined ablation of the BK-7 glass

To understand the effect of axial confinement on the laser induced breakdown of BK-7
glass (similar to the role of sacrificial layer in the case of laser shock peening [51]), we
performed the laser ablation of BK-7 glass confined with Al and Cu thin foils of 20 pum
thickness. Due to the ablation of Al/Cu thin foils, the shock waves propagating inside the
Al/Cu foil transmitted into the BK-7 glass similar to the propagation of shock waves from
one medium (Z1) to another medium (Z2) [49]. This study gave a chance to understand
the effect of acoustic impedance (Z) of confining layer on the shock wave propagation
inside BK-7 glass. Figure 77 (a-d) shows the shadowgrams of the temporal evolution of
the transmitted laser ablative shock waves inside the BK-7 glass from the Al/Cu foils of
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20 pm thickness for 0.5 J laser energy at two focusing conditions FO and F2.
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Figure. 6.7 Shadowgrams of the laser induced shock waves from (a-b) Al confined to
BK-7 glass (Al+BK-7) (c-d) Cu confined to BK-7 glass (Cu+BK-7) at 0.5 J laser energy

for FO and F2 focusing conditions

In the confined ablation, due to the ablation of the Al/Cu thin foils of 20 pm thickness,
the shock wave propagates into the surrounding air as well as into the Al/Cu thin foil
[45, 46, 47] as shown in Figure 6.7 (a-d). In confined ablation, we have not observed any
permanent damage inside BK-7 glass. Due to the higher thickness of Al/Cu foils (~ 20
pum), the laser ablation will not remove the confining layer completely for 532 nm laser
beam [4]. The Al, Cu foils acts as sacrificial layers protecting direct damage to BK-7 glass.
So, the laser ablative shock waves inside Al/Cu foils will transmit into the BK-7 glass as
shown in Figure 6.7(a-d). During the shock wave transmission, the shock wave faces the
acoustic impedance (Z) variation due to the Al/Cu foil and BK-7 glass interface. Thus
the transmitted shock wave velocity greatly depends on the relative acoustic impedances
(Z = pU) of both mediums i.e., the confining layer and the target material [34, 35, 49].
The mechanical properties such as acoustic impedances and shock velocities of Al, Cu and
BK-7 glass along with their shock transit times is listed in Table 6.2. The shock transit
time is defined as the time required for propagation of the shock wave inside a medium
with specific length. For example, the shock velocity (Cp) inside BK-7 glass is around
~ 5.1 km/s and the length of the BK-7 glass is 50 mm, so the shock transit time inside
BK-7 glass is around ~ 10 us.

When the laser beam is focused on to the interface of Al/Cu foil confined to BK-7 glass
(Al +BK-7/Cu+BK-7) i.e., FO focusing condition, the shock wave generated from the
ablation of Al/Cu thin foil propagates inside the Al/Cu thin film of 20 pm and it will
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Table 6.2 Mechanical properties of Al, Cu and BK-7 glass

Material Density Shock velocity Shock impedance Shock transit
(p)(gr/cc)  (Co) (km/s) (Z) (10° gr/cm®-s) time (ns)

Al foil 2.7 5.38 1.45 3.7
(t=20 pm)

Cu foil 8.93 3.93 3.49 D
(t=20 pm)

BK-7 glass 2.5 5.1 1.27 10000
(L=50 mm)

interact with the metal-dielectric interface of Al/Cu foil and BK-7 glass around 3 to 5 ns
(as per calculated shock transit time in Table 6.2). At the interface, the shock wave will be
reflected partially into the Al/Cu thin foil and partially transmitted into the BK-7 glass
simultaneously. The strength or velocity of the transmitted shock wave inside BK-7 glass
depends on the relative acoustic impedance of both mediums, Al/Cu foil and BK-7 glass
[34, 35, 49, 51] as well as laser input energy. Figure 6.8 (a,d) shows the energy dependent
temporal evolution of the transmitted shock wave velocity inside BK-7 glass due to the
confined ablation of 20 pum thick Al, Cu foils compared with the direct ablation of BK-7

glass in FO focusing condition.
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Figure. 6.8 Energy dependence on the temporal evolution of transmitted shock waves
inside BK-7 glass due to the ablation of BK-7 glass (direct ablation) and Al, Cu thin

foils confined to BK-7 glass (confined ablation) in F0O focusing condition

In FO focusing condition, the shock waves propagated inside BK-7 glass due to the ablation
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of the Cu thin foil (Cu+BK-7) has higher shock velocities than the shock waves generated
by the Al thin foil ablation (Al4+BK-7) and the direct ablation of BK-7 glass upto 3 us
time scales and at later time scales the shock velocity propagation is almost constant as
shown in Figure 6.8(a-d). From Figure 6.8 (a-d) it is evident that, the shock velocity
inside the BK-7 glass follows the trend: Al4+-BK-7 < BK-7 < Cu+BK-7 for all the input
laser energies upto 3 us time scales. This is due to the fact that, the acoustic impedance
of Al, Cu foils and BK-7 glass are such that, Z¢,(3.93) > Z4,(1.45) > Zpk_7(1.27) (in
10%gr/em? — s) (Table 6.2). So, the shock wave velocity inside BK-7 glass is higher in the
confined ablation compared to the direct ablation of BK-7 glass in FO focusing condition
as shown in Table 6.3. However, the relative acoustic impedance (AZ) of the confining
layer with the target material plays a crucial role in the enhancement of shock wave

propagation inside target material [34, 35, 51] (as discussed in Chapter 4).

Table 6.3 The velocity of shock waves inside the BK-7 glass in direct and confined
ablation geometry at 1.4 us

Energy(J) BK-7 (km/s) Al+BK-7 (km/s) Cu+BK-7 (km/s)

Fo F2 Fo F2 Fo F2
0.5 8.02 7.92 7.61 8.42 8.57 8.62
1.0 8.25 8.17 7.64 - 8.48 8.63
1.5 8.10 7.96 7.54 8.40 8.57 8.82
2.0 8.16 8.11 7.42 8.53 8.60 8.72

In F2 focusing condition, the focal plane of the laser beam is shifted 6 mm deep inside
the target material in confined ablation. Figure 6.9(a,d) shows the energy dependence on
the shock wave evolution inside BK-7 due to the direct ablation of the BK-7 glass and in

confined geometry.

From the Figure 6.9(a-d), it is evident that in F2 focusing condition the transmitted shock
velocity inside the BK-7 glass is almost constant (within error bars) for both confined and
direct ablation geometries. The same is observed for all the input laser energies from 0.5
J to 2 J. This is due to the fact that, higher focal volume or spot size gives lower intensity
distribution at the laser metal interface. The shock velocity is not increased in F2 focusing
condition compared to the FO condition except for the Al confined BK-7 glass case. The
focal plane shifting from FO to F2 condition has increased the transmitted shock wave
velocity inside BK-7 glass due to the ablation of Al foil confined to the BK-7 glass. Since
the relative impedance of the Al foil and BK-7 glass (Z4= 1.45 > Zpx_ 7= 1.27) is less,
the increment in the shock velocity is observed. The shock velocity inside BK-7 glass due
to the confined ablation of Al foil confined to the BK-7 glass and Cu foil confined to the
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Figure. 6.9 Energy dependence on the temporal evolution of the transmitted shock
waves inside BK-7 glass from the ablation of BK-7 glass (direct ablation) and the Al, Cu
thin foils confined to BK-7 glass (confined ablation) in F2 focusing condition

BK-7 glass in F2 focusing condition were compared to the FO condition as well as direct
ablation of BK-7 glass as shown in Table 6.3.

6.4.3 Effect of Acoustic impedance of materials

In confined ablation, the relative impedance plays a key role in the enhancement of the
shock wave propagation inside BK-7 glass along with laser input energy [34, 35, 51].
According to Fabbro et. al. [34, 35, in confined ablation the shock pressure inside the

material can be given by:

P(GPa) = 0. 011/ \/Z (g/cm?s?) \/IO (GW/em?) (6.2)

But from Rankie-Hugoniot equations [49, 52],

P(GPa) = po(g/cm*)Veu" (km/s) (6.3)

So, the shock velocity inside the material depends on:

1
Viw X \/%21/4[01/4 (6.4)

Where P is pressure inside the material, Vj,, is the shock velocity inside the material Z is
the relative acoustic impedance of the confining layer and target material i.e., Z 71 + 72
(34, 35, 51], I is the input laser beam intensity at the interface and « is the constant.

Since the shock velocity inside the material mainly depends on the relative impedance (
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o Z'/4) and on the laser beam intensity (o Io/*). For higher relative acoustic impedance
between confining layer and target material, the shock velocity inside the target material
is increased. This can be confirmed with the help of visualization of transmitted shock
wave velocity inside BK-7 glass in the confined ablation of the BK-7 glass with 20 pm Al

and Cu foils as confining layers . Figure 6.10 (a-h) shows the effect of relative impedance

s m BK7+AI@F0_0.5) 95 m BK7+AI@F0_1J
9_§ a) @ BK7+Cu@F0_0.5) & b) @ BK7+Cu@F0_1J
I
‘ -
~ 8F =m L]
m 1
'k I "2
x i + [ * L4 °
\/7 * % i [ ] JEE; 7k + + 1
.y ® ! I z
ay LR N "F!!-.+
.5 F § |
% 0 1 2 3 4 5 6 7 0 1 2 3 4 8 6 7
~¢>-> 9t ©) m BK7+AI@F0_1.5] 9t e i i
= | = @ BK7+Cu@F0_1.5] ® BK7+Cu@F0_2J
S " . 0
e 1 o
= 8 * ? 8 + L &
- + [ o
21 Yol Yiy T4
i 7r * * s L ] ‘ i, - n® 7 * + + ® 9 g ]
Sl L P "ne
‘ P 4
§ I 2 3 & 5 6 7 O 12 3 .4 5 6 7
Time (us)
i . B BK7+AI@F2_0.5) & ) m BK7+AI@F2_1J
104 ® BK7+Cu@F2_0.5J 10+ ® BK7+Cu@F2_1J
9 9t
L =
L (]
8 ! ¢ 8 N I
L [} *: M =
7t ® ey 7t Y3 Eag
t [ PP ®e0 °

a
~

0 1 2 3 4 5 6 7 0 1 2 3 4 5

m BK7+AI@F2_1.5) h) B BK7+AI@F2 2J

Shock Front Velocity (km/s)

g)
9_+ ® BK7+Cu@F2_1.5J 9t + ® BK7+Cu@F2_2J
° @
+o T:
8 T., P B
L.' : 7!‘1
7 R F TN I REIERE
..: ...

Time (ps)

Figure. 6.10 Energy dependent temporal evolution of laser induced shock waves inside
BK-7 glass from the confined ablation of the 20 gm Al and Cu thin foils confined to the
BK-7 glass at FO and F2 focusing conditions

of 20 um Al/Cu foils with BK-7 glass on shock wave velocity inside the BK-7 glass in FO
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and F2 focusing condition. In FO focusing condition, transmitted shock velocity inside
BK-7 glass is more for the confined ablation of 20 ym Cu foil confined to the BK-7 glass
than 20 pm Al foil confined to the BK-7 glass. This is due to the higher relative impedance
(Z =2.5x108g/cm? — s) of Cu foil and BK-7 glass than in the case of the Al foil confined
to the BK-7 glass (Z = 1.2 x 10°g/ecm? — s). As the laser input energy increases from
0.5 J to 2 J, the difference in the shock velocity inside BK-7 glass due to the confined
ablation of the 20 ym Al foil and Cu foils confined to the BK-7 glass is observed upto 5
us and it is almost constant at later time scales. The maximum difference is observed for
2 J input laser energy as shown in Figure 6.10 (a-d).

In F2 focusing condition, although the relative acoustic impedance of the Cu foil and
BK-7 glass is more, the transmitted velocity inside the BK-7 glass due to the confined
ablation of the 20 pum Al foil and Cu foils confined to BK-7 glass is almost constant
(Figure 6.10 (e-h)). This shows that, due to the effect of focal plane shifting from FO0 to
F2, the shock velocity inside the BK-7 glass is increased in the confined ablation of the Al
foil confined to BK-7 glass and matched with the shock velocity induced by the ablation
of the Cu foil confined to BK-7 glass as shown in Figure 6.10 (e-h). But the focal plane
shifting from FO to F2 has no effect on the confined ablation of the Cu foil confined to
the BK-7 glass. This can also confirmed by comparing the shock velocities inside BK-7
glass due to the confined ablation of the 20 ym Al/Cu foils confined to BK-7 glass in FO

and F2 focusing conditions as shown in Figure 6.11 (a-h).

Figure 6.11 (a-h) shows the energy dependent temporal evolution of the shock velocities
inside BK-7 glass due to the confined ablation of Al and Cu foils confined to the BK-7
glass compared individually in the FO and F2 focusing conditions. Due to shifting of the
laser beam focal plane from FO to F2, the transmitted shock velocity inside BK-7 glass
is increased in the case of confined ablation of Al thin foil confined to BK-7 glass. The
maximum enhancement is observed for 2 J energy in F2 focusing condition. This may
be due to the fact that, for lower laser energy density in the focal volume i.e., higher
focal spot diameter that leads to lower intensity (F2 condition), the shock waves propa-
gation inside the material (BK-7 glass) follows % relation, while for higher energy density
i.e., lower focal spot diameter (FO condition) the shock propagation follows }2 relation as
explained by Fabbro et. al. [34, 35, 51]. The shifting of focusing plane from FO to F2
condition has no effect on the confined ablation of the Cu thin foil confined to the BK-7
glass. This can be attributed to the saturation of transmitted shock velocities inside the
BK-7 glass in confined ablation of the 20 um Cu foil confined to the BK-7 glass for input
laser intensities > 10 GW /cm? (In F2 condition, I = 10.02 GW/cm? and in FO condition
I =25 GW/cm?).

158



6. Dynamics of laser ablative plasma and SWs inside BK-7 glass slab

m BK7+AI@F2_0.5] m BK7+AI@F2_1J
10k a) ® BK7+AI@F0_0.5 10_% b) @ BK7+AI@F0_1J
@ Ot 9t
= o
= .
28k ¢ = 8f o ™ L
f— ¢ o * @ ] o - % +
&l ® % ¢ ; 7H @ e BT E
= S E L)
T) 0 1 2 3 4 5 6 1 0 1 2 3 4 5 6 7
= m BK7+AI@F2_1.5] 8 BK7vAlQEZ 20
E ol 9 ° BK7+Al(Z)FOJ.5J 9r + d ® BK7+AI@F0_2J
=) + s
= - '
st o ¥ 5.
= . o - :
S ;L
— L [ - ° LI}
L ad T T r n
wn7 ?o.;*i:... &9.‘5.=l°
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
m BK7+Cu@F0_0.5 9= m BK7+Cu@F0_1J
s e) ® BK7+Cu@F2 0.5 é f) ® BK7+Cu@F2_1J
E u
~ ! T 8t : :
= ]
ol B Il e
8r = LIPS
£ 1 e
i I B I -9 2 1
= 17 7t i"i"'
= iy titegg
3 1 2 3 4 5 6 74 1 2 3 4 5 6 7
= or m BK7+Cu@F0_1.5] 9 h m BK7+Cu@F0_2J
E : g ® BK7+Cu@F2_1.5) ] ) ® BK7+Cu@F2_2J
=) [ I s
B [ ) a
= 8t LI 8t T
1 @ [ I
=< LIPS I g1
g S e N
= T n i I T8 & T
% 7t [ g : for o U SN B
“ 1 %8 [o} T ® e
g
1 2 3 4 5 6 7 1 2 3 4 5 6 7
Time (us)

Figure. 6.11 Energy dependent temporal evolution of laser induced shock waves inside
BK-7 glass from the confined ablation of the 20 gm Al and Cu thin foils confined to the
BK-7 glass at FO and F2 focusing conditions

6.5 Conclusions

From the laser ablation of the BK-7 glass in direct and confined geometry with 20 pm Al
and Cu foils, we can conclude that the shock velocities inside the BK-7 glass are enhanced
in the confined geometry compared to the direct ablation in FO focusing conditions. It
is also confirmed that, due to the ablation of the confining layer the target material
surface is not damaged. Due the shifting of the laser beam focal plane from FO to F2

focusing condition, the shock wave velocities inside the BK-7 glass were enhanced (around
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0.6 - 2.2 km/s) in the case of the confined ablation with Al foil but has not affected the
confined ablation with Cu foil and direct ablation of the BK-7 glass. The same behaviour is
observed for all the laser input energies used in the study. The energy dependence study on
the transmitted shock wave propagation inside BK-7 glass revealed that, the enhancement
of the shock wave inside material (BK-7 glass) greatly depends on (a) relative acoustic
impedance of the confining layer (20 gpm Al and Cu thin foils) and target material (BK-7

glass) and (b) laser energy density in the focal volume at the interface.
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Chapter

Conclusions

7.1 Summary and Conclusions

In view of understanding and designing of the miniaturized ns laser based shock tube
with few mm diameter and few cm length, a study on the dynamics of confined laser
induced/ablative plasma sources and shock waves was undertaken as an initial study.
The miniaturization of the ns laser shock tube requires the ns laser induced/ablative
plasma as a driver at the entrance of the mm sized tube and the high pressure plasma
(from metal or non metal) launches shock waves into the hollow tube. The propagation
of the shock waves inside hollow tubes with few mm diameter lead to the down scaling
of the shock wave properties such as velocity, pressure, laminar and turbulence compared
to the freely expanding shock waves. So, there is a need for balancing the down scaling
of the shock waves to mm size and maintaining the shock wave properties. This requires
a study to understand the enhancement of the plasma and shock wave properties in the
confined geometry. The laser induced plasma and shock wave properties in the confined
geometry greatly depends on the laser properties, tube properties and the confinement
geometry. Although a lot of studies available on enhancement of plasma and shock wave
properties with different confined geometries, the visualization of the dynamic processes in
the confinement geometry and the role of the shock waves itself as a self reheating system
in the enhancement of the plasma and shock wave properties is inadequate. So, we have
visualized the temporal evolution of laser induced plasma and shock waves in different
confining geometries using focused/defocused shadowgraphy technique. In this thesis, we
gave simple solutions to overcome the problems related to (a) the efficient coupling of
laser energy to the target material based on optimal laser energy and better focusing
conditions; (b) choosing of the confining layer based on the relative acoustic impedance
between confining layer and target material and (c) optimized tube diameter for better

enhancement of the plasma and shock wave properties in the confinement geometry. Based
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on the confinement applied on the plasma source w.r.t. the laser propagation direction,
we have divided the confinement geometries into: Axial confinement and Later/spatial
confinement. The chapters 3 and 4 discussed about the axial confinement of the laser
induced plasma with a temporally expanding fluid as confining medium and laser induced
blow off plasma with glass as confining medium, respectively. The chapter 5 discussed
about the lateral/spatial confinement of the air plasma inside hollow tubes with different
tube geometries. The chapter 6 explained both the axial and lateral confinement as an
application towards understanding the shock wave behaviour inside the solid target. The

same is given below in the Figure 7.1.

Aim of the Thesis

Visualizing the dynamics of Confinement processes

Axial Confinement Lateral/Spatial Confinement
Fluid confinement Solid confinement
Chapter 3 Chapter 4 Chapter 5
(Interaction of two (Dynamics of LIBO (Dynamics of spatially
counter propagating plasma and SWs in air) confined air
plasmas and SWs in air) plasma and SWs)
Chapter 6

(Dynamics of Laser ablative
SWs inside transparent dielectric media)

Figure. 7.1 Flow chart of the different confinement geometries used in the thesis study

The collision dynamics of the two counter propagating laser induced plasmas and shock
waves revealed the effect of the separation distance (d) between the confining plasma and
confining medium (another plasma as fluid confinement). Here, the plasma source S2
is used as the temporally expanding fluid confining medium, which confines the plasma
source S1 generated by 25 mJ laser energy. This study also helped us to understand
the effect of the relative impedance of the confining plasma and the fluid medium with
different impedances (Z = pU,). The impedance of the confining fluid medium (S2)
is varied by changing the laser energies (from 25 mJ to 92 mJ), which in turn changes
the density of the plasma source S2. In this study, the separation distance (d) between
confining plasma source S1 and fluid confining medium (S2) is varied from 0 to 6 mm
systematically. The shadowgraphy imaging is used to capture the spatio temporal evo-

lution of the collision of two counter propagating plasma sources and shock waves in
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ambient air. The fast imaging study is used to capture the self emission or 2D emissions
from the colliding plasma plumes. From the results, it is observed that when the two
laser pulses are focused at the same position i.e., d=0 mm or with separation of 1 mm
(d=1 mm) between the two plasma sources, the both plasma sources were merged into
a single colliding plasma source. In this case, we have not observed the stagnation layer
because of complete overlap/merger of two plasma sources into one. But, the plasma
and shock wave properties (i.e., radius and velocity) of colliding plasma source is higher
than individual plasma sources i.e., S1 or S2 properties. An increment in plasma contact
front (CF) radius and shock wave front (SF) velocity is observed for both d=0, 1 mm in
the case of equal energy ratio and in the case of unequal energy with energy ratio 1:1.7.
But the increment is observed with d=0 mm only in the case of unequal energy ratio
1:3.7, when compared to individual source (S1/S2) properties. For the interaction of two
plasma sources with separation distance (d) > 2 mm, two kinds of stagnation layers are
observed at the interaction zone (d=0 mm). For the case of equal laser energy plasma
sources, a hard stagnation layer is observed. This is due to the equal momentum exerted
by each plasma source on the other. While for unequal energy plasma sources (S2 > S1),
a soft stagnation layer allowing the energy flow from higher source (S2) to that of the
lower source (S1) is observed. Although the plasma outer regions (PORs)/contact fronts
(CFs) of the two plasma sources stagnate at the interaction zone, the corresponding shock
wave fronts (SFs) initially penetrate through each other, then through the other plasma
sources. Due to the propagation of shock front of the first source (SF1) through the sec-
ond plasma source and vice-versa, the line of force represented by bright spots on each
side of the interaction zone was observed. These bright spots are termed as ” Plasma Jet”
in our study (Figure 3.6). This plasma jet is visible inside POR of the two plasma sources
in case of equal energy while it was strongly visible inside the POR of the lower energy
plasma source (S1) in the case of unequal energy plasma sources due to their respective
plasma densities and momentum conservation. The propagation of shock front of the
higher energy source (SF2), through lower energy plasma source (S1) results in a discon-
tinuity of the plasma source S1. This discontinuity, called as plasma Jetlet, is observed
to be dominant in case of unequal plasma sources of high energy ratio of 1:3.7 (Figure
3.10). In the case of equal energy ratio, the plasma jetlet is observed in both the sources
at longer time scales (> 50 ps). The plasma jetlet evolution is sensitive to both the sep-
aration distance (d) as well as the energy ratio (S1:52) which is confirmed by the plasma
emission or 2D emission studies for all the cases, using fast (ICCD) imaging. The jetlet
diameter is increases with increasing the energy ratio while it is decreases with increasing
of the separation distance (d) between the two plasma sources (Figure 3.17). This study
reveals that the separation distance (d) between confining target medium and confining
layer mostly depends on the relative acoustic impedance (Z) for better confinement. This
study helped us to understand the thickness of the plasma (L(t)) at the interface between
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target and confining layer.

The evolution dynamics of the LIBO SWs in ambient air from metal films (Al, Cu, Ti)
and polymer films (PVA, Au doped PVA) confined with glass (BK-7) substrate, revealed
that the efficient blow off shock waves can be achieved by using optimal laser input en-
ergy with efficient focusing conditions which resulted in the effective coupling of the laser
energy to the target material. This study also useful in understanding the effect of the
relative impedance between target and confining metal layer on the blow off shock wave
properties. Initially, the blow off shock velocity was observed to increase as a function
of the input laser energy for energies upto 50 mJ. At higher input laser energy 200 mJ,
the blow off shock velocity was observed to be decreasing due to inefficient coupling of
laser energy to the target foil. By moving the glass-metal interface around the focal plane
systematically, the efficient coupling of the laser energy to the target is demonstrated.
The shifting of the focal plane from FO (exact focal plane position) to F2 (shifting of
the focal plane by 2 mm towards the glass-metal interface) focusing condition resulted in
higher blow off shock waves from 20 um Al and Cu foils at optimal laser energy of 50 mJ
because of the ejected shock flyer /plasma debris. The analysis showed that with a 2 mm
shift (F2), the blow-off has high reproducibility. The shock velocity as well as the diame-
ter of the blow-off region increases as a function of laser energy. The ruptured region was
observed to be smoother and circular in shape, than that observed in FO, F1 cases. The
effective enhancement in the flyer diameter is observed to be more significant in the case
of Al foil with F2 focusing condition. The 1D-RHD MULTI-ns numerical simulations also
revealed that, by shifting the laser focus conditions from FO to F2, one can avoid achieving
an over dense regime and optimize the coupling of laser energy to the target foil. The
simulation results are in good agreement with experimental results. The simulations are
not presented in the thesis. Since the effect of shifting focal plane (F2) is more efficient in
20 pm Al Cu foils with 50 mJ energy, the LIBO studies are extended to 1.1 gm Cu and
200 nm Ti thin foils. From the results, it is evident that the flyer generation is observed
only for micron thickness films while for nano meter films only blow off shock waves are
observed because of the smaller film thickness. For higher blow off shock velocity at lower
energy (25 mJ), F2 focusing condition is suitable. At higher energy (50 mJ) F1 focusing
condition is better for the thin films (1.1 gm Cu and 200 nm Ti). The attenuation of
the blow off shock waves follows linear relation in the case of thin films (1.1 pm Cu and
200 nm Ti) while it follows 1/r relation for 20 pym Al, Cu foils. The blow-off studies are
further extended to the polymer (PVA) and composite polymer (Au doped PVA) films
as these studies are helpful to understand the laser ablation based micro propulsion. The
results showed that the PVA and AuPVA polymers give higher LIBO SWs than Al (20
pm), Cu (20 pm) foils in F2 focusing condition with 50 mJ energy. But, we have not
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observed any enhancement in the blow off shock velocities from the composite polymer
films (AuPVA) than normal polymer film (PVA). This study gave the simple solution to
improve the efficient laser energy coupling to the target material in the form of focal plane
shifting around the interface. This study gave insight into the choosing of the optimal
laser energy, better focusing focusing conditions and relative acoustic impedance between

confining layer and target material for the generation of the efficient blow off shock waves.

The dynamics of the spatially confined laser induced air plasma and shock waves inside
rectangular hollow tube/cavity with 8 mm constant inner dimension (diameter) and dif-
ferent tube lengths (8, 12, 16 mm) revealed that the temporal evolution of air plasma and
shock waves is similar to that of the free expansion case (no confinement) until the reflec-
tion of radial shock waves from the inner walls. The reflected radial SWs interact with
plasma core and asymmetrically compress it. Due to which, the generation and evolution
of the secondary shock wave (SSW) from air plasma is observed. The reflected shock
waves from both X and Y directions compress (asymmetrically) the plasma resulting in
longer lived and elongated plasma along the laser propagation direction (£ Z). Due to the
compression of the air plasma, the secondary shock wave is generated and its coalescence
with the primary shock wave lead to the transmission of the reflected transverse shock
waves through the plasma core. The maximum compression of the air plasma is achieved,
when the two transverse reflected shock waves meet at the air plasma core centre. This
is confirmed by the 2D emission imaging, which showed the splitting of plasma plume
into three regions at the same time scales. During axial shock wave exit from the tube,
we observed the shock wave vortices formed due to sharp density gradient at the cavity
edges and cell like structures due to the reflected radial shock wave interaction. When the
cell like structure exits from the tube/cavity the maximum increase in the plasma length
as well as the change in plasma morphology/shape is observed. As the cavity length
increases, the exit time of cell like structure increases thus decreases its strength/drag
(i.e., which in turn depends on strength of transverse shock waves) leading to decrease in
the plasma length. The compression of the plasma and axial shock waves exit times from
the cavity mainly depends on the laser input energy and cavity aspect ratio (L/D) and
surface roughness of the cavity material. From this study, we also understood that the
variation of cavity length alone will not be sufficient to study the effect of aspect ratio
(L/D) on the axial shock waves and air plasma properties. To get an insight into the
enhancement of plasma properties such as number density, plasma temperature due to
reflected transverse shock wave compression of air plasma inside a rectangular glass tube,
we have performed the 2-D numerical simulations using modified FLASH-2D hydrody-
namic codes. The simulated plasma and shock wave properties show good agreement with

the experimental results. The generation of SSW is also confirmed by simulations. The
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simulation results are not given in this thesis, as they are part of my colleagues thesis.

Upon visualizing and understanding the dynamic processes in the rectangular confine-
ment, the studies are further extended to the cylindrical geometry to bring out the role
aspect ratio (L/D) (especially the tube diameter (d)) in the enhancement of the axial
shock wave properties. Since the cylindrical tubes (Cu, plastic, glass and SS tube) were
either semi transparent or opaque to the probe beam, we can only observe the axial shock
waves exiting from the tubes. Plasma compression and squeezing is only visible in semi
transparent tubes during the plasma continuum radiation (i.e., at initial time scales).
From the cylindrical geometry, it is confirmed that the tube/cavity length alone is not
effective on the axial shock waves evolution in the spatial confinement of air plasma.
this study also revealed that, if the tube diameter is almost equal to the plasma size
(or diameter), we can observe the ejection of plasma mass density due to the symmetric
compression and squeezing of the plasma. This ejected plasma mass density leads to the
increment /enhancement of the axial shock wave properties. The ejection of the plasma
mass density mainly depends on the input laser energy and tube diameter. It is almost
constant for a particular laser input energy and tube diameter irrespective of the tube
length. The study of the spatial confinement of the air plasma inside mm size tubes
revealed the interaction of the plasma and shock waves. This is because, the reflected
radial shock wave compression increases the plasma properties such as plasma length,
plasma life time, plasma number density and plasma temperature. The squeezing of the
air plasma forces out plasma mass density which increases the axial shock wave position
i.e., its velocity. This study helped us to understand the air plasma generated shock wave
propagation inside mm sized tubes and also the dependence of the laser energy, tube

aspect ratio (L/D) on the axial shock wave propagation.

The dynamics of the temporal evolution of the laser induced /ablative shock waves inside
a transparent dielectric material, BK-7 glass slab is used to understand the effect of the
axial confinement and spatial confinement on the shock wave propagating inside a solid
material. The axial confinement of shock waves is achieved using an overlay of 20 pum
Al/Cu foils, while the dimensions of BK-7 glass have provided the spatial confinement
to shock waves launched and propagated inside BK-7 glass slab. The studies on the
visualization of shock wave propagation inside the solid material are sparsely available
due to the opaqueness of solids to visible radiation in view of the need of sophisticated
instruments. If the material is transparent to the visible radiation, one can visualize the
evolution shock waves inside the material and quantify the shock wave characteristics in
terms of radius/velocity. Hence, we have used BK-7 glass slab of 50 mmx 50 mmx15
mm (Ixbx h) which is transparent to visible probe beam (633 nm) to study the temporal

evolution of laser ablative shock waves inside BK-7 due to confining and direct geometries.
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In direct ablation geometry, due to the laser ablation of the BK-7 glass slab, shock waves
are launched into ambient air as well as into the BK-7 glass simultaneously. Due to the
laser induced breakdown of BK-7, we have observed permanent damage tracks inside the
BK-7 glass that showed an interesting behaviour with the input laser energy. Since, the
input laser peak powers used in the study are of order of 50-200 MW, which is much higher
than the critical power of self focusing (P.,) of BK-7 glass i.e., 0.8 MW, we observed the
self focusing of laser beam that leads to a sharp tip at the end of the damage track inside
BK-7 glass along laser propagation direction. As the laser energy increases, the breakdown
length is increased due to the increased self focusing of laser beam while breakdown width
has saturated. When the shock wave propagates inside BK-7 glass, the radially expanding
shock front is reflected from the surfaces of the BK-7 glass due to the impedance mismatch
at the glass-air/glass-air-glass interface (i.e., spatial confinement). These reflected radial
shock waves from both the surfaces will interact and moves forward through each other
forming a cell like structure which moves behind the primary shock wave. As the input
laser energy increases the shock wave velocity inside the BK-7 glass slab is decreased
except for 1 J energy until time scales < 2.3 p s by following the trend: 1J > 0.5J > 1.5
J > 2 J. As the energy increases, most of the energy is utilized to increase the permanent
damage inside BK-7 glass by increasing self focusing effect. The shifting of focal plane
(FO- laser focuses on the BK-7 surface and F2- laser focuses 6 mm deep inside BK-7) lead
to the shift of permanent damage tracks inside the BK-7 glass. However it does not affect

the shock wave evolution inside BK-7 glass slab in direct ablation geometry.

In the confined ablation, due to the ablation of the 20 ym Al/Cu thin foils, the shock
wave propagates into the surrounding air as well as into the Al/Cu thin foil. Due to the
confining layer, we have not observed any permanent damage inside BK-7 glass. This
is due to the higher thickness of Al/Cu foils (~ 20 pum), and the laser ablation will not
remove the confining layer completely (as the skin depth inside material for 532 nm is few
nm only). So, the laser ablative shock waves inside the 20 ym Al/Cu foils will transmit
into the BK-7 glass. The transmitted shock wave velocity greatly depends on the relative
acoustic impedances (Z = pUs,,) of both mediums i.e., the confining layer and the target
(Al/Cu foil and BK-7 glass interface) as well as on the input laser energy. Due to the
confinement, the shock velocities inside the BK-7 glass are greatly enhanced compared to

the direct ablation geometry.

Due the shifting of the laser beam focal plane from FO to F2 focusing condition, the shock
wave velocities inside the BK-7 glass were enhanced (around 0.6 - 2.2 km/s) in the case
of the confined ablation of the 20 um Al foil adhered to the BK-7 glass. However, it has
not affected the confined ablation of the 20 ym Cu foil adhered to the BK-7 glass and
direct ablation of the BK-7 glass. The same behaviour is observed for all the laser input

energies used in the study. The energy dependence study on the transmitted shock wave
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propagation inside BK-7 glass revealed that, the enhancement of the shock wave inside
material (BK-7 glass) greatly depends on relative acoustic impedance of the confining
layer (20 pm Al and Cu thin foils) and target material (BK-7 glass) and laser energy
density in the focal volume at the interface. Since, the relative acoustic impedance (2)
of the confining layer with the target material plays a crucial role in the enhancement of
shock wave propagation inside target material, we have observed higher shock velocities
inside the BK-7 glass due the Cu thin foil (Cu+BK-7) confinement than the Al thin foil
confinement (Al+BK-7) as Z¢,(3.93) > Z41(1.45) > Zpr_7(1.27) (in 10°gr/cm? — s).

The study of laser induced breakdown of the BK-7 glass in the direct and confined ablation
geometry is useful to understand the shock wave nature inside the solids w.r.t. the input

laser energy and relative acoustic impedance between confining medium and solid target.

7.2 Future Work

*+ Confined laser ablative shock waves inside the solids

The studies on the laser ablative shock waves inside BK-7 glass due to the Al/Cu confine-
ment of BK-7 glass (Chapter 6), can be extended by adding the glass substrate confine-
ment to the Al/Cu confining layer to understand the further enhancement of the shock
wave propagating inside the BK-7 glass. The schematic used for the laser ablative shock

waves inside BK-7 glass due to the glass confinement is shown in Figure 7.2.

Laser Shock Peening

Sacrificial layer Glass/water
(thin hlm) conﬁnement

@

Transparent matenal

Figure. 7.2 Schematic used for the confined laser ablative shock waves inside the BK-7

glass.

As we know the relative acoustic impedance, laser energy and focusing conditions plays
crucial role on the shock waves inside the BK-7 glass, by proper selection of the confining
overlays and laser energy we can enhance the shock wave pressure inside the BK-7 glass.
This study will helps to understand the Laser Shock Peening (LSP) of the solids in the
confined geometry.
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x LIBO studies from the composite polymers

As the LIBO SWs from the polymers with optimal energy and focusing conditions gave
higher shock velocities compared to the metals in the confined geometry, the studies were
further extended to the LIBO from composite polymer films as they have specific ap-
plication towards the laser ablation propulsion. With proper coating of the composite
polymers on the glass substrate and using the optimal laser energy, focusing conditions

we can achieve the higher blow off shock velocities.

x Designing of the ns laser based shock tube

The thesis studies can be extended to the designing of the ns laser based shock tube.
By combining the results obtained from the LIBO studies (Chapter 4) and the spatial
confinement (Chapter 5) inside hollow tubes, the temporal evolution of the LIBO shock
waves (SW) propagating inside the mm sized tube can be studied using the shadowgraphy
imaging. Figure 7.3 (a) shows the schematic used for the shadowgraphy imaging of LIBO
SWs inside the mm sized tubes with different geometries and Figure 7.3 (b) shows the ex-
perimental visualization of the initial study of ns laser based shock tube using rectangular
tube geometry with L=15 mm and d=8 mm. The same study can be further extended to
the propagation of LIBO SWs inside the mm size tube filled with transparent liquids to
understand the behaviour shock wave based micro fluid jets which are used in the field of
the nano coatings and biomedicine. With the help of the different tube geometries (cone,
spherical, hemi-spherical and square shape) and different tube material, this study can

be utilized for the shock wave focusing also. As the ns laser based mm sized shock tube

a) tube length (5-10 mm )

LIBO SWs
from Al (20 pm)
Tube
Diami ter (D)

LIBO SWs

\  thin film (150-250 nm) ! ;
\ ablative SWs from glass

Glass substrate(50-100 pm)

rect. glass tube
D=8 mm,
L=15 mm

Figure. 7.3 (a) Schematic used for the LIBO SWs propagation inside the mm sized
tubes (b) experimental visualization of ns laser shock tube using rectangular tube

geometry .

needs metal plasma as the driver at the entrance of the tube, the metal plasma can be
replaced with composite polymer plasma as it has low breakdown threshold values. The
shock waves from ns laser based shock tubes can be utilized for the processing of the

different materials placed at the exit of the shock tube.
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