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CHAPTER 1 : Introduction

Abstract:

This chapter elaborates on the different processes involved in the laser matter
interaction with a focus on laser produced plasmas. As plasma constitutes highly
ionised matter, optical, thermal and mechanical radiations are emitted. The work in
this thesis studies the mechanisms involved in producing mechanical radiation such
as acoustic emissions from the plasma. There are several methods to understand the
laser produced acoustic emissions. Laser induced breakdown and explosive
vaporization are two important methods which are emphasized. This study of laser
induced acoustic shockwaves can be used as a scaled lab surrogate for understanding

blast waves from explosives in the field.

1.1 Laser induced breakdown of matter with short laser
pulses

When a high intensity laser pulse interacts with matter, the steps leading up to the
formation of an acoustic shockwave are: absorption, heating and ionisation followed by plasma
production [1]. Plasma, is a state of matter constituted by electrons, neutrals, and ionized
species like atomic and molecular clusters. A brief outlined view is given in fig. 1.1. The detailed
explanation about the phenomena involved in these process is given below. Generally plasmas
are produced in the lab using two techniques, gas discharge and photo ionisation [1]. This work
focusses on plasma generated by photo ionisation. Matter cane be ionized by using a focused
laser pulse by two different processes, [2-4] cascading electron breakdown and multiphoton

ionization.

1.1.1 Cascade breakdown

Cascade breakdown happens when two necessary conditions are fulfilled:
1. There are initial electrons in the focal volume.

2. The electrons acquire an energy greater than the ionisation energy of the material (band

gap).
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Electrons gain kinetic energy by absorption of laser radiation (inverse bremsstrahlung). These
energetic electrons collide with neutrals leading to their ionization. If the acquired energy by
an electron is higher than the ionization potential, then the electron may ionize an atom by
impact. As an end result of this collision we are left with two extra free electrons, which starts
the process again leading to the cascade effect.

M+ é&—->M"+2e
This above reaction will leads to cascade breakdown, electron concentration will increase

exponentially with time.

1.1.2 Multiphoton absorption

Absorption of laser radiation by an atom or molecule causes its ionization [3] (ejection of
an electron from the valence band).
M+nhd - M*+é
Where M is the neutral atom, n is the number of photons, € is the free electron. Io is the

ionization potential of atom. When the number of incident photons (n) absorbed exceeds as
an integer part of (ﬁ +1) to cause ionization, it is called multi photon ionization. This process

is self-sufficient.
The probability (w) of an atom absorbing n photons is proportional to the n» power of incident
laser flux density.
waF"
At sufficient laser intensities, the electrons at the focus excite the atoms, then rapid ionization

takes place by absorbing few photons.

1.2 Radiations from LIB of medium

When an intense, short-pulsed laser is focused in a medium, due to the associated high
electric field, the medium ionizes, [5] resulting in the production of free electrons, which
further gain energy from the incident laser electric field and lead to further ionization resulting
in an avalanche breakdown of the medium. This catastrophic ionization raises the temperature
of the medium to a few thousand degrees, within short time scales of few hundred picoseconds

to several nanoseconds. This plasma appears as a spark. This process [0] is depicted in fig. 2.
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Absorption

lonization/ ablation

Optical emissions

Plasma expansion

Shock waves

Acoustic shock waves

Fig. 1.1. Steps involved in laser matter interaction to generate Acoustic Shock Waves.

The ionized material while regaining an equilibrium state, emits the energy in various
forms, like: emission in the UV-Visible frequencies, microwave radiation, RF radiation [7, 8]
and acoustic radiation (mechanical waves) [9-12]. Plasma itself is a source of hard and soft X-
rays dependent on the incident laser energy. Within the plasma, the interaction of charged
particles with neutral atoms and molecules will be dominant. These charge-neutral interactions
give rise to emissions in the RF [8] and microwave range of frequencies. Therefore, the RFF
emissions take place as long as there is interaction between the charged particles and the
neutrals in the system. Ion-acoustic instabilities in LIB lead to RF and microwave emissions

[13] and the UV-Visible emissions are due to the recombination of the ionized species.
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Ablated plasma
core

Contact front
(interface between
outer plasma region
and shocked air)

Radiation
Radiation

Plasma outer

ik Ambient air

Fig. 1.2. process of generation of shock waves from the laser produced plasma [6].

The plasma formation results in gradients of density, pressure and temperature with respect
to the surrounding atmosphere. These gradients causes the sudden release of energy into
surrounding atmosphere as a shock wave [14, 15], as shown in fig. 2. This shock wave has a
high pressure front which travels with supersonic velocity initially and then decays with
propagation distance. The shock wave propagates into the material as well as into the
surrounding atmosphere. These SW's decay into acoustic shock waves as it propagates into the
surrounding atmosphere. These waves are very closely resemble Blast waves or detonation

waves [16]. Here our consideration is the ASWs in atmosphere not inside of the target sample.

1.3 Origin of Laser generated acoustics emissions

There are five important interaction mechanisms [17] which can be the origin for the
production of acoustic wave emissions: dielectric breakdown, explosive vaporization or
material ablation, thermo-elastic process, electrostriction, and the radiation pressure. These
phenomena are function of incident laser parameters such as pulse width, intensity and optical

and thermal parameters of the medium. Each of this process is elaborated below.

1. The dielectric breakdown
It only occurs at laser intensities above ~ 101 W cm?, which can quite easily be

obtained at focal plane of a pulsed laser. This effect has been investigated
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experimentally and theoretically in detail for gases, liquids, and solids. The plasma
production related to the dielectric breakdown produces a shock wave which
propagates initially at supersonic speed in the medium [2]. The dielectric breakdown

dominates the longer laser pulse — material interaction.

Explosive vaporization

This will happen at laser energy densities higher than the breakdown threshold. In the
case of liquids or material ablation on solids, it is responsible for the acoustic wave
generation, if the laser energy density (within the absorbing volume) exceeds the
breakdown threshold of sample. The material ablation on solids is associated with
plasma formation. The ejection of material from the surface involves a recoil
momentum which propagates into the bulk sample as an acoustic transient. Laser
ablation is a process of material removal [18]. The laser pulse, will rapidly break the
chemical bonds for photochemical ablation or evaporate the material for photothermal
ablation in a small confined illuminated volume. This will lead to a rapid rise in the
local particle number density, which results in a rapid rise in the pressure on the
materials surface. The high pressure is released as a shock wave [19, 20] and ejects
material at high speeds from the irradiated zone. This process usually accompanies
plasma generation. The shock wave emitted into the air will decay into acoustic waves
by air friction. The acoustic waves generated by laser ablation are both in the sonic and
ultrasonic frequency regions.

The temporal shape of the acoustic signal is due to the rapid thermal expansion of a
thin layer of air (thermal piston signal) adjacent to the irradiated spot [19]. As fluence
is increased above a threshold, shock waves are generated due to material ejection from
the sample surface. Since the initial shock waves travel faster than the thermal piston
signal, the early part of the ablative piston signal arrives at the detector (Pinducer)

earlier than the thermal piston signal.

Thermo-elastic process

The process is mainly dependent on the laser absorption by the medium and is based
on the transient heating of a restricted volume by the absorbed laser energy. The
induced temperature gradient produces, as a result of thermal expansion, a strain in the

material. This causes an acoustic wave which propagates away from the heated zone.
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The thermo-elastic process, i.e., heating without phase change, dominates the
excitation of sound in absorbing matter at laser energies below the vaporization
threshold. Although the conversion efficiency is rather low, typically < 104 for liquids,
this process has found interesting applications in opto- or photoacoustic spectroscopy
as a sensitive method for the measurement of small absorptions in solids, liquids, and
gases. These thermal-acoustic waves are broadband and weaker than ablation

mechanism [18].

4. Electrostriction
It is due to the electric polarizability of molecules within the sample which causes them
to move into or out of regions of higher light intensity depending on positive or
negative polarizability. These motions produce a density gradient and, consequently, a
sound wave similar to that caused by the thermo-elastic process is generated.
Electrostriction as a sound generation mechanism is only important in very weakly
absorbing media where it may limit the photoacoustic detection sensitivity. So, for
strongly absorbing materials this mechanism is not applicable (for metals,
semiconductors, insulators, their absorption of excimer laser (248 nm) is normally
strong). However, it has been demonstrated theoretically and experimentally that by
using suitable time-gated detection of the acoustic signal, strong suppression of the

electrostrictive component is possible.

5. Radiation pressure
It is negligible when compared with the other sound generating mechanisms. For the
case of total absorption of the laser radiation at the sample surface, the amplitude of
the radiation pressure is given by Pra = I /¢, where I is the laser intensity and ¢ the light
velocity in vacuum. For a laser intensity of 10° Wem- 2 one obtains Png = 0.3 mbar
compared, to a few bars in the case of thermo-elastic sound generation under identical
conditions. Since, the pulse duration of the laser is very short, the pressure induced on
the surface makes the surface vibrate and generate acoustic waves. However, the
acoustic waves generated are very weak and is in the range of ultrasonic frequencies

(within the target) that can be detected by a piezoelectric sensor.
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Three further mechanisms have been omitted in this list since they play a role only under

specific circumstances. These are (a) photochemical effects where, e.g., molecules

AB are formed from the initial species A and B under the action of laser radiation (A + B=AB);
(b) molecular dissociation where the opposite takes place (i.e., AB=A + B); and (c) bubble
formation.

The energies we have used to study the laser matter interaction are above the breakdown
thresholds of target materials so, our main focus is on dielectric breakdown and explosive
vaporization. Remaining processes such as photo chemical effects, molecular dissociation and
bubble formation are not so dominant at the laser energies, pulse durations used in our studies,
hence not mentioned in detail.

Applications

The acoustic detection of laser matter interaction is used in many research areas, such as to
find ablation efficiency, amount of material ablated, chemical decomposition, stand-off
detection of chemicals, plasma studies, underground land mine detection, measuring the

resonant frequencies of metal tubes, laser shock peening efficiency, etc.

1.4 Organization of thesis

1.4.1 Chapter 2: Experimental details

In this chapter, we discuss the technical details of the lasers, acoustic detectors and the data
acquisition system (oscilloscope) used in Laser Induced Breakdown (LIB) experiment. The
working principle and the calibration of the microphone used for the detection of pressure
wave is presented. Effect of sampling rate and the bandwidth of the oscilloscope on ASW
measurements is presented. The difference in acoustic signals (transient) generated by
mechanical excitation of metal plates (with a metal object) and that generated by LIB is
presented in both temporal and spectral domain. The experimental schematic used for LIB of
gases (chapter# 3) and solid targets (chapter#5) as well as the spatial acoustic scan of a laser
plasma due to interaction of counter propagating laser beams (chapter#06) are presented.
Measurements of ASW signal done in time and frequency domain as well as the reproducibility

of ASWs at various laser energies under similar conditions is presented.
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1.4.2 Chapter 3: ASW emissions from ns and ps-LIB of
atmospheric air: propagation of ASWs in surrounding

atmosphere
Evolution of Acoustic shock waves (ASW) and their properties in the frequency range of

30-120 kHz generated during Laser Induced Breakdown (LIB) of ambient atmospheric air,
using of 7ns and 30ps pulse duration are presented. The specific frequency range and peak
amplitude are observed to be different for ns- and ps- LIB. The ASW frequencies for ps-LIB
lies between 90 to 120 kHz with one dominant peak whereas for ns-LIB, two dominant peaks
with frequencies in the 30-70 kHz and 80-120 kHz range are observed. The radial and angular
distribution of ASW is presented. These frequencies are observed to be laser pulse intensity
dependent. With increasing energy of ns laser pulses, acoustic frequencies move towards the
audible frequency range. The variation in the acoustic parameters: Peak-to-peak pressures,
signal energy, frequency and acoustic pulse widths as a function of laser energy for two
different pulse durations is presented and compared. The acoustic emissions are observed to
be high for ns-LIB than the ps-LIB, indicating higher conversion efficiency of optical energy

into mechanical energy.

Dependence of ASW on laser intensity is studied. The intensity is varied by changing focal
geometry of ns and ps pulses. The ASW pressures are observed to follow the dynamic interplay
between the plasma density and recombination of plasma species. The conversion of laser
energy to acoustic energy increases from loose to tight focusing conditions. The central
frequencies have moved towards the lower side with increasing laser intensities for both ns-
LIB (76 to 48 kHz) and ps-LIB (111.2 to 92.1 kHz). The angular distribution of acoustic

emissions were observed to follow the laser induced plasma spark in both ns- and ps-LIB.

1.4.3 Chapter 4: ASW emissions from LIB of various materials

In this chapter, laser pulses of both ns and ps are focused on target materials of metals,
dielectrics, insulators and compacted copper micro powders to generate LIB. Under various
experimental conditions we have presented the time domain and frequency domain analysis of
the acoustic signals. The evolution of ASW parameters as a function of laser energy is
presented for each material. The ASW response of one material changed at with respect to
incident laser energy. The resulting ASW pressures are proportional to the crater dimensions.
The ASW signal is divided into two parts and studied well to understand the laser-matter

interaction.
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We have tried to establish a relation between ASW strength and density fluctuations caused by

ionized species in surrounding atmosphere. Comparisons made between the fresh spot area of
sample interaction (each laser pulse falls on virgin area of sample) and shot on shot method
(selective number of laser shots are incident on same spot area). Lorentz fitted frequency peaks

are plotted for various samples.

1.4.4 Chapter 5: ASWs from high energy materials (HEMs)

The properties of ASWs from the ns-LIB of High energy materials are presented in this
chapter. ns-LIB of the Ammonium Nitrate (AN), Di Nitro Toluene (DNT), Tri Nitro Toluene
(TNT), 3-Nitro-1,2,4-triazol-5-one (NTO) samples and ambient Air studied at two laser
energies of 25, 40 mJ]. ASW reproducibility is presented in both time and frequency domain.
Huge peak to peak pressure difference between target samples and the air breakdown is
observed. Spectral peak frequencies of DNT have highest amplitude than the remaining
samples at 25 m] of laser energy. Acoustic parameters from the breakdown in air, nitrogen
(N2) and argon (Ar) as ambient gases were performed. The increment in ASW parameters are
observed from the ns LIB in Argon gas ambient than Nz and air. ASWs from ns-LIB of 4 —
Nitro imidazole, Bismuth nitrate (Bi(INO3)2) and Lead nitrate (Pb(NO3)2 ), in the presence of
air and Ar background gasses were presented. By changing the background ambient gas, we
can control the associated ASW properties. ps-LIB of RDX, CL-20, TNT and NaN3 are also
presented at two different laser energies. Variation in acoustic parameters are presented at a
tixed laser energy, it indicated the effect of sample properties on ASW emissions. The peak

frequencies are well separated from one sample to another sample.

1.4.5 Chapter 6: ASW emissions from interaction zone of two

counter propagating laser generated shock waves in air

The acoustic emissions due to interaction of two counter propagating laser induced ablative
shock waves is presented in this chapter. These two laser plasma induced shock waves were
formed by two counter propagating ns laser beams derived from a common laser source. The
laser energies of two incident laser beams were varied with respect to each other. The distance
between two plasma sources is changed by moving the focusing lenses towards and away from
each other. The acoustic features at various separation distances between the two plasma
sources were presented. The interaction between two shock sources (plasmas) is observed to

effect the peak-to-peak pressure of resulting acoustic shock wave. The characteristics of
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interacting shock waves studied through the acoustic diagnostics are observed to give an

insight into distribution of plasma into surrounding atmosphere.

1.4.6 Chapter 7: Conclusions and future scope

The summary of all the chapters and future scope of this work is presented in this
chapter.
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CHAPTER 2 : Experimental details

Abstract:

In this chapter, we have discussed all the technical details of lasers, acoustic
detectors and data acquisition system (oscilloscope). Working principles of
microphone for the detection of pressure waves has discussed. Calibration of
microphone is also presented. Effect of sampling rate (time scales) and bandwidth of
oscilloscope on ASW measurements is presented. Manual (hand) hitting of metal
plates with align key produces acoustic transients, these were presented in both
temporal and spectrally. Experimental schematics for LIB of gases, material targets
presented and acoustic scan of plasma and interaction counter propagating of two
shock waves were presented. Measurements on ASW signal is done in time and
frequency domain. Reproducibility of ASWs at various incident laser energies under

similar focusing conditions is observed.

2.1 Technical details and specifications of nano second

and pico second lasers

Here we explained the experimental details for all the experiments carried out in the thesis.
Two different lasers were used to generate two different pulse widths of 7 ns (INNOLAS,
Spitlight-1200) and 30 ps (EKSPLA, PL 2351 series, PLD084I).

Table 2-1. Technical specifications of lasers used.

Nano second (ns) Pico second (ps)
Pulse width 7 ns 30 ps
Wave length 1064, 532 nm 1064, 532 nm
Repetition rate Max 10 Hz Max 10 Hz
Model number | INNOLAS, Spitlight-1200 EKSPLA, PL 2351 series, PLD0841
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The laser energy is varied between 10-100 m] per pulse in the ns regime while, in the ps regime
it is varied between 3-30 mJ. Experiments were performed in lab at ambient atmospheric
conditions (T = 300 K, P =1 atm). Breakdown of air, Argon and Nitrogen gases are studied.
Few explosive target samples were exposed to ns laser pulses in the presence of ambient Air,

Argon and Nitrogen environment.

2.2 Micro phone specifications and working principle:

The sensing system that was used for the measurement of ASWs consisted of a calibrated
microphone which has a frequency response over 20 Hz to 140 kHz (GRAS 40DP, sensitivity
of 1mV/Pa) and a dynamic range of 174 dB (re 20 uPa). Microphone is directly connected to
pre amplifier, which amplifies the signal (indirectly it is an impedance converter) then it
(microphone along with preamplifier) is connected to power supply (G.R.A.S, 12AR) input
through a cable. The output from the power supply directly connect to the oscilloscope, the
setup of microphone connections, shown in fig. 2.1.

The pressure difference between plasma and surrounding atmosphere will vibrate the
diaphragm of microphone, producing corresponding analog electric signal consisting of
positive and negative half periods with different amplitudes. The difference between these
two amplitudes is peak-to-peak pressure of the ASW. The type of microphone we have used
here is condenser microphone and it is an Omni directional, it takes signals from all
directions. Its working principle is same as capacitor, its capacitance changes as the separation

distance between two parallel plate’s changes, shown in equation (i).

80A

c=2 0
V=2 (i)

In microphone there is a diaphragm (thin membrane) and back plate, these two are like a two
parallel plates ."The applied sound pressure will vibrate (compressions and rarefactions ) the
diaphragm, so change in separation distance (d) occurs. It results change in capacitance.
Change in capacitance produces voltage fluctuations (equation (ii)), these voltage fluctuations

are nothing but electrical analogue signals for acoustic signals [1, 2].
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. Power supply

Pre amplifier

/
]

oscilloscop

Fig. 2.1. Microphone setup (a), exploded view of mic, pre amplifier, connector (b), and power
supply (c).

A Pocket-sized, battery operated calibrator (MODEL: G.R.A.S 42 AB) has used to
calibrate the microphone. It produces a constant nominal sound pressure level of 114 dB re.

20 uPa (equivalent to 10 Pa) at 1 kHz. Calibration graph is shown in fig. 2.2.
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Fig. 2.2. Calibration spectrum of 1/8" microphone. Inset shows the time domain

representation of 1 kHz sound signal. X- Axis is frequency in kHz and Y-axis is power spectral
density (PSD).

Before initiate experiment calibration of microphone is necessary. The single frequency of
sound signal captured by microphone. Fast Fourier Transform (FFT) of this sound signal gives
frequency in spectrum. The calibrator generated signal has only one peak frequency of 1 kHz.

The response of microphone, as the microphone distance varies is presented in fig. 2.3.
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Fig. 2.3. Arrival times of ASWs at various distances of microphone from plasma, at 40 m| of
energy for ns laser pulses.

The linear variation of arrival time of ASW with microphone distance confirms the linear

response of the detector.

2.3  Experimental schematics:

The laser pulses were focused through the Plano convex lens (converging lens) into the
air, the breakdown takes place at focal point. The diverged light from the focal point (plasma)
will blocked by the beam dump, shown in figure 2.4. A small part of the incident laser beam is
teedback to the oscilloscope (YOKAGAWA DL 9240) through photo diode. Acoustic
measurements were triggered by the photo diode signal. A beam dump placed in the line of
incident laser direction to stop the further scattering of diverged laser beam. The output of
microphone is connected to oscilloscope. Signals monitoring and data acquisition was done
with oscilloscope, shown in fig. 2.4. Our aim is to reach the real fields, so no closed container
(cells) and anechoic chamber has used. This is the major difference between photo acoustics
and this work. We focused laser pulses in air or in gas medium to obtain breakdown and done
basic analysis. We extended this work to material samples. Targets were mounted with a holder
and it is placed on a three dimensional electronic translational stage (ESP CONTROLLER),
which moves the target holder from one point (area) to next point (area) with few micro meters
span.

Target is kept at a focal point for breakdown, as shown fig. 2.4. Microphone is normal to

incident laser direction for gaseous breakdown, whereas for target samples the emitted shock
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waves are hemi spherical so, microphone is positioned in angled with respect to plasma and

incident laser direction, shown clearly in fig. 2.4.

Lens

-l
-
-
-

' _____ - -y MJCRogHo’wE
—— | b '\J:f ¢

A

|

|
Micro Beam
phone dump

istance between
plasma and
microphone

Fig. 2.4. Experimental schematic for the detection of ASW measurements from the ns- and
ps-LIB of air. Two different lasers were used for two different pulse widths of 7 ns and 30 ps.
The microphone is positioned at a distance of 8 cm from the plasma (it can be variable). Target
holder is fixed to motion controller to expose laser radiation.

2.3.1 Breakdown of target samples in the presence of various
gases and in ambient air:

To study the ASWs from LIB breakdown of various gases, simply punch the gases at focal
point by using a tube which is connected to gas cylinder, as shown in figure 2.5. The density
of argon (Ar) is higher than the nitrogen (N2 and air. Change in acoustic parameters were
observed for nitrogen, argon and ambient air environments. The results are clearly presented

in chapter 5.

Sample is (no gas chamber has used) mounted to target holder, then the gas is allowed towards
the focal point. It means that, focal point is surrounded by gas and sample breakdown happen
in the presence of applied gas only. The air above the sample was pushed by pressurised Ar
and it allows breakdown of sample only. Here no ambient air breakdown takes place at the
sample breakdown point. This schematic is used generally in laser induced breakdown studies
(LIBS) study for elemental analysis. Microphone is adjusted in angle w.r.t target sample and

laser direction, shown in fig 2.5.
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Fig. 2.5. LIB of target samples in the presence of Argon and Nitrogen gaseous environment.
Samples are mounted on target holders. Gas tube is included in set up.

2.3.2 Analysis of ASWs in Time domain:

The ASW pressures generated from the LIB of medium are dynamic. The atmospheric
pressure is a static pressure (10> Pa) and consider it as a zero in ASW measurement. When
there is no acoustic source, the signal is flat and adjusted to zero of Y-axis, it is an atmospheric
pressure. In fig. 2.6, the X-axis and Y-axis indicates the time and voltage of a signal respectively.
The pressures of ASWs were calculated by using sensitivity of microphone and the
corresponding peak to peak voltage value of particular signal. So, Y-axis indicates the pressure.
Along with main (impulse in nature) acoustic signal, there will be presence of reflected
components from surrounding objects around the plasma, shown in fig. 2.6.

Here we consider only first peak, remaining peaks are neglected because these are reflected
components [3]. In time domain analysis peak-to-peak pressure (Py), arrival time (A:), acoustic
pulse width (W), decay time (D) and signal energy (E) are important parameters which give
details about source (plasma) and its associate effects. The ASW measurements are pictorially
explained clearly indicated in fig. 2.6 (b). Photo diode signal is represented by t=0, this is the
point where data acquisition begins.

The arrival time (A;) of ASW is the time taken by the wave to reach the detector from plasma.
The decay time (D) shows the rate at which ASW peak pressure reaches the ambient pressure.

Acoustic pulse width (W) indicates the existence time of ASW from the plasma.
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Fig. 2.6. Entire time domain ASW signal from the ns-LIB of air at a microphone distance of
8 cm. (a) Reflected components from objects around the plasma are presented along with the
main acoustic pulse, where t =0 represents the photo diode signal, when the laser energy if 20
m] (b) ASW signal from the ns-LIB of atmospheric air at 90 m] input laser energy per pulse at
a microphone distance of 8 cm from the plasma.

We are trying to extract more information from the ASW in both time and frequency

domain. The study of the ASW signal in time domain provides the considerable information

quantitatively[4]. Majority of the information lied in the first signal. So we focussed here on

the first part of signal, as shown in fig. 2.6.
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Fig. 2.7. Time domain representation of ASW signal, emitted from the ps LIB of Brass sample
at 18 m] of laser energy per pulse.
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To understand more, signal has divided into two regions, the one below the zero line
(atmospheric pressure) is negative portion (trough) and the other one, which is above of zero
line is positive portion (crest), shown in fig. 2.7. The change in these two portions or regions
of ASW represents the behavior of laser-matter interaction. Negative peak height (here after it
is represented by -ve) represents shock intensity and width of positive peak (here after it is
represented by +ve) indicates the density fluctuations. This terminology is used for
convenience. These two parameters are shown clearly in fig. 2.7, where ASW signal is emitted

trom ps-LIB of brass sample at 18 m] of input laser energy.

After ablation, particles ejected from crater exists till micro seconds. If we use high repetition
rates, the ejected particles may interact with the consequent laser pulses [5, 6]. But in our case,
rep rate is 10 Hz (with 100 msec time gap between two consequent pulses), hence there is no
interaction of ablated particles with subsequent laser pulses. Now we will see how these

parameters will change as a function of sample and incident laser energy.

The mechanical wave with high pressures and velocity carries its own energy. The kinetic
energy transported by the ASW in the specified time interval [7] can be extracted from the

acoustic signal energy (Es) arising from plasma,

B, = J? f2(®)dt M)

where t; and t2 define the time window of integration, Es is a measure of the signal energy [8]
and £(t) is the temporal evaluation of acoustic signal.

The minimum distance of microphone from plasma and the maximum input laser energy were
optimized to avoid signal saturation. To increase the signal to noise ratio, average of 32 acoustic
data sets of incident laser pulses has taken. A good care has taken to avoid unnecessary
reflected components in time domain signal. These precautions helps to understand more
about laser-matter interaction and to optimize experimental conditions.

Signal reproducibility is the key aspect for proposing a first-hand application. To prove the
homogeneity in the signal, standard deviations are measured for 20 times repeated
experimental data for different energies which has used in the experiment. The obtained values

of average ASW pressures with error bars (standard deviation) are shown in the below table 2-

2.
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Table 2-2. ASW pressures with errors for various laser energies of ns LIB of air at 80mm

focal length of lens.

Laser energy (m]) Peak pressure (kPa) with error
10 2.61 £0.012
25 3.21 £ 0.002
40 3.89 + 0.008
55 4.35 £ 0.004
70 4.91 £ 0.003
90 5.12 £ 0.004

The obtained ASW pressures have high precision, as standard deviation are varying in second

order. At 10 m] of laser energy, the pressures are within the range of 2.55 to 2.70 kPa, as shown

in fig. 2.8. Higher laser energies generated ASWs with high peak pressures. These pressures

are on a straight line for all incident energies. The repeatability of ASW pressures are high at

all laser energies.
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Fig. 2.8. Peak pressures with error bars of ASWs for each laser shot of ns-LIB of air were
plotted at various incident laser energies of 10, 25, 55 and 90 m)].
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2.3.3  Analysis of ASWs in Frequency domain:

Apart from time domain information, evolution of frequency information and spectral
density of ASWs is also essential. The frequency components associated with the time domain
signals are obtained by applying Fast Fourier transformation (FFT). Frequency spectrum of
the acoustic signal shows, the presence of several frequency components associated with the

acoustic waves [4, 7, 9].

F(w) = J;” (O exp(=iwt) dt - @
Here f(t) is time domain acoustic signal, w is the frequency. Power spectral density (PSD),
S (w) is given by
S(@) = [F@))? ®
The central peak frequency, full width half-maximum (FWHM) [10] and area under the curve
are extracted by fitting the ASW frequency spectrum to Lorentzian function and plotted
against incident laser energy, shown in fig 2.9. These time and frequency domain parameters

give qualitative and quantitative information of ionized medium [8, 11, 12].

5 6
—— Peak 1 m Data
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s : 5 2
811 3 1
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0_ J S 7 0_
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Fig. 2.9. (a)Spectrum of ns-LIB of air. Two peaks were fitted to two Lorentzian peaks. The
fitting parameters are noted down to understand more about ASWs. Y-axis is power spectral
density. (b) Spectrum from ps-LIB of air fitted to only one peak.

The number of peaks and spectral parameters are function of incident laser energy, laser
pulse width and target properties. These spectral features provides the information about the
plasma. Various focal geometries have used for both ns and ps-LIB. In focusing geometry of
‘f/#10°, where f is the focal length of lens used and “#10’ denotes the ratio of focal length of

the lens and incident laser beam diameter.
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The frequencies produced by LIB of air are in the range of ultrasonic frequency, shown in fig.
2.9. When the laser pulse irradiated on target surface, it generates the ultrasonic frequencies
inside the material target [13, 14]. These frequencies can use in NDT of materials in various
industry sectors. Interaction of laser pulses with target sample generates the impulses inside

the target and in its surrounding atmosphere.

The rapid hitting of metal plate with other metal object also creates the sound bursts, shown
in fig. 2.9 (a). The corresponding spectra of these sound bursts are also presented along with
their time domain signals, show in fig. 2.9 (b). And these sound impulses are having sharp
frequencies in audible range. These peak frequencies are different for three samples. These
impulses (acoustic transients) created from LIB are different from the impulses created by

manual hitting of same sample with an (align key) object.
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Fig. 2.10. Time domain signals and spectra of manual hitting of target samples of aluminium
(Al), copper (Cu), stainless steel (SS304).

2.4  Effect of sampling rate on ASW signals:

To take acoustic measurements we have to choose proper sampling rate and bandwidth.

From Nyquist theorem, the sampling rate should be at least twice the signal (ASW) frequency
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to avoid the aliasing effects. The good sampling of signal is that, sampling rate is equal to the
twice the measured wave frequency. For example, 44 kHz sampling rate is good to measure
the 22 kHz signal. Higher the sampling rates higher the resolution. The band width (BW) of

acquisition system should greater than or equal to the five times of signal (ASW) frequency.

1/ temporal resolution = sampling rate.

At a fixed band width (BW) and data length of oscilloscope, the ASW signals were collected
at various times scales of 100, 500 psec and 1 m sec and presented in both time, frequency

domain and presented in fig. 2.11 (a), (b).

For the data length of 1,25,000 points, smaller time scales (100 ps/div) has high temporal
resolution (0.008 ps) due to its high sampling rate (125 Mega Samples/sec), whereas longer
time scales (1 ms/div) has low sampling rate (12.5 MS/sec) and temporal resolution (0.08 ps)
is low. So, to study the ASWs more precisely in time domain, lower time scales or high
sampling rates are better choice. One more advantage is that reflected components from
surrounding objects of source, can be avoided if you choose smaller time scales. Any real time
signals are too complicated to reproduce. So we need more number of data points for
reconstruction of signal. As presented in fig. 2.11 (a), 100 ps/div time scale has more number
of data points than the 500 us/div and 1 ms/div. The properties of ASWs doesn’t change for

these mentioned time scales of 100, 500 ps and 1 ms.

The acoustic spectra corresponding to various time scales (sampling rates) are presented in fig.
2.11 (b). The acoustic spectrum of signal at 100 us has highest amplitude than the remaining
time scales. The frequency components are more clearly separated in 500 us and 1 ms time
scale spectra, shown in inlet of fig. 2.11 (b). Smaller time scales (higher temporal resolution)
causes the longer frequency scale in spectrums, whereas longer time scales (less temporal

resolution) causes the shorter frequency scale, from Nyquist theorem, presented in table 3.

Total frequency scale =1/ 2 * resolution in time domain signal.

The parameters about data are clearly tabulated for various time scales in table 2-3. It gives the
brief idea on time and frequency resolutions as time scale per division changes. Distribution
of same data (62500 points) on larger frequency scale causes the large spacing between two
consecutive data points in FFT than the smaller frequency scale. So, frequency resolution is

very high for longer time scales (lower sampling rate).
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Fig. 2.11. For a fixed laser energy, ASW signals were collected at timescale of 100, 500 ps and
Imilli sec, (a) time domain representation of data points, temporal resolution is more for 100
u sec than the 500 usec and 1 msec. (b) Frequency representation of data. Sampling rates are
125, 25 and 12.5 Mega samples/sec for 100, 500 usec and 1 msec respectively. Frequency
resolution is more for 1 msec than the 500, 100 usec.

As we move from smaller to longer time scales (less to high frequency resolution), the
amplitude of frequency peak will decreases up to 3 orders. Always time and frequency domains
are reciprocal to each other. For better accuracy in time domain we have to compromise the
frequency domain and vice versa. It is easy to reconstruct the signal if we have more number
of data points. Lower time scales are consist of more number of data points than the higher

time scales/div, as shown in fig. 2.11.
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Table 2-3. Relation between time scale, number of data points, sampling rate and frequency

scales.
Time Total time
Maximum Sampling
scale/ Number scale
frequency rate
div of data Frequency (sec) Time
on scale Mega
[when points in resolution | [triggering | resolution
of samples/
data frequency (Hz) at (us)
spectrum sec
length is | spectrum First
(M Hz)
125000 ] division]

50 ps 62500 125 2000 0.00045 0.004 250
100 ps 62500 02.5 1000 0.0009 0.008 125
500 ps 62500 12.5 200 0.0045 0.04 25

Ims 62500 0.25 100 0.009 0.08 12.5
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CHAPTER 3 : ASW emissions from ns and
ps-LIB of atmospheric air: Propagation of
ASWs in surrounding atmosphere

Abstract:

Evolution of Acoustic shock waves (ASW) and their properties in the frequency range
of 30-120 kHz generated during Laser Induced Breakdown (LIB) of ambient atmospheric
air, using 7 ns and 30 ps pulse duration is presented. The specific frequency span and peak
amplitude are observed to be different for ns and ps-LIB. The ASW frequencies for ps-LIB
lie between 90 to 120 kHz, with one dominant peak whereas for ns-LIB, two dominant peaks
with frequencies in the 30-70 kHz and 80-120 kHz range are observed. The radial and
angular distribution of ASW is presented. These frequencies are observed to be laser pulse
intensity dependent. With increasing energy of ns laser pulses, the acoustic frequencies
move towards the audible frequency range. The variation in the acoustic parameters, peak-
to-peak pressures, signal energy, frequency and acoustic pulse widths with laser energy and
for two different pulse durations is presented in detail and compared. The acoustic
emissions are observed to be high for ns-LIB than the ps-LIB, indicating higher conversion
efficiency of optical energy into mechanical energy. The laser intensity is varied by changing
focal geometry of ns and ps pulses. The ASW pressures are observed to follow the dynamic
interplay between the plasma density and recombination of plasma species. The conversion
of laser energy to acoustic energy increases when we move from loose to tight focusing
conditions. The central frequencies move towards the lower side with increasing laser
intensities for both ns-LIB (76 to 48 kHz) and ps-LIB (111.2 to 92.1 kHz). The angular
distribution of acoustic emissions was observed to follow the laser induced plasma spark in
both ns and ps-LIB.

3.1 Introduction

The ASWs are similar to the pressure waves produced by micro-blasts, and are used to
understand sonic booms under controlled conditions [1]. The plasma formed by lasers is more
close to a spherical acoustic source (depends on laser pulse width and focal length of the lens
used).Some of the applications of laser induced point acoustic source is in acoustic land mine
detection and measuring the resonant frequency of metal tubes [2]. Laser induced plasma is a
good acoustic source, for the acoustic landmine detection (ALD) [3] and this technique is more
reproducible. The emitted pressure or stress waves go in to soil in multi directions when the
laser is focused on the soil. These acoustic waves travel into the surface and reflect back.
Knowing the speed of sound in soil and time taken for the reflected waves, gives the precise
information about location of land mine (like SONAR in water). The ASWs from laser
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generated plasma can be used to measure the resonant frequency of metal tubes and impedance
tubes. Because of the good repeatability, broad frequency response, laser induced plasma (LIP)
is used in scale models as an acoustic source, instead of using conventional methods like small
loud speakers and electrical spark [4] to predict the acoustic behaviour of space (concert hall,

streets etc.).
3.2 Radial distribution of acoustic shock waves

When a laser beam is focused in air, breakdown happens when the supplied energies
are greater than the breakdown threshold of air. It results in the generation of ions, neutrals,
atomic and molecular clusters, which collectively constitutes a plasma. Plasma is highly
energetic and dense, which while coming to an equilibrium, drives a shock wave into the
surrounding atmosphere. As the shock wave propagates into ambient air, it decays in to
acoustic shock waves. These can be detected by a condenser microphone. Measurements are

triggered by the incident laser pulse to ensure better S/N ratio.

Spatio-temporal expansion of the plasma is well studied by using various techniques such as
shadowgraphy, interferometry and Schlieren photography [5, 6]. The salient features of the
plasma is that it has expansion towards incident laser direction at initial time scales, after 80 us
the expansion is normal to the incident laser direction, and then after 200 us there is a small
jet which comes out from the plasma and travels towards the incident laser direction [5, 7].
The aim of this chapter is to explore the feasibility of the acoustic diagnosis to understand the
plasma due to LIB. The representation of ASW signal and the measurement of its parameters

are presented earlier in chapter 2.

The ns LIB generates ASW of micro second pulsewidth. ASW is a transient pulse, whose peak
to peak voltage and evolution time are characteristic of every signal and these parameters help
us to measure the pressure and energy associated with that of the ASW [5]. The properties of
ASWs vary along with the source receiver distance and incident energy per pulse. Arrival time
(Ay), peak-to-peak pressure (Py), acoustic pulse decay time (Dy), and acoustic pulse duration
(Wy) are the parameters which helps to understand the ASW in detail manner. For better signal

analysis one has to avoid the reflections of acoustic waves from surrounding objects of plasma.

ASW pressures increased with incident laser energy indicating a good conversion of incident
energy to acoustic shock energy. The maximum pressures of 4.5 kPa (167 dB ref. to 20 uPa)
and 7 kPa (170 dB ref. to 20 uPa) observed at 20 m] and 40 m] of incident laser energies
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respectively at a fixed distance of 6 cm, for £/10 focal geometry. These pressure levels are very

high and sufficient to create non-linear acoustical effects [1, §].
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Fig. 3.1. ASW pressures produced by ns LIB of air, at 20 m], 40 m] pulse energies under, (a)
£/10 focal geometry and (b) £/19 focal geometry.

We varied source-receiver distance from 6 to 80 cm and observed the ASW behaviour. As
separation distance increases the intensity of sound is observed to fall off, as shown in fig. 3.1.
There is a fall in peak pressures with respect to distance of detector. These pressures were

fitted to Allometric fit, which is :

y =a.x?

where 4, b are fitting parameters. ASW pressures are decay w.r.t microphone distance as shown
in fig. 3.1, so b takes negative values. For f/10 focal geometry and for 20, 40 m] of laser
energies, the / values are -1.17, -1.25 respectively. For f/19 focal geometry and for 20, 40 m]
of laser energies, the 4 values are -1.24, 1.25 respectively. In both focal geometries, the 4 values
are close to 1, it indicates that the, acoustic peak pressures follows the inverse square law [9].
Hence, we can say that, the ASW behaviour is varies with distance. Here we observed no non-
linear acoustic effects (the power of xis b, b > 2) were observed along with the source-receiver
distance. The slope of microphone distance vs arrival time of ASW gives the velocity, here 350

m/sec for 40 m] of incident laser energy.
3.3 Angular distribution of ASWs

LIP is a mass-less and point size sound source, and the frequencies of ASWs in all directions

(angles w.r.t plasma) has a common range of frequencies, shown in fig. 3.2. To study the
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evolution of ASWs from plasma, we measured pressures at various angles of microphone w.r.t
incident laser radiation around the plasma. This experiment was done at 10 m] of laser energy

and 3, 5, 8 cm microphone distances for both ns and ps-LIB of air.
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Fig. 3.2. Distribution of ASW pressures around plasma for both ns and ps LLIB of air at three
different radii of 3, 5, 8 cm and time scales for 10m] of incident laser energy.

To know the spatial distribution of ASWs around plasma, the angular dependence is studied. Assuming
plasma to be a spherical source (Debye sphere) of a finite radius, the microphone is moved at different
angles around the plasma for a fixed separation between plasma (source) and detector (receiver) (7).

Later the separation ris varied to get the angular distribution.

As we mentioned earlier, the pressures from ns LIB are higher than the ps LIB of air, at three different
separations of 7. The peak pressures (Py) at 90° position of microphone for 8, 5, 3 cm of microphone
distances from ps LIB and ns LIB are 0.61, 0.9, 1.4 kPa and 1.6, 3.4, 4.6 kPa respectively. As shown in
fig. 3.2, the pressure distribution around the plasma is more or less spherical from ns LIB of air.
Whereas, the ASWs from ps-LIB are more focused in the normal direction as compared to the incident
laser direction. At three different separations studied, the pressures are high at 90° 270° ie.
perpendicular to the laser propagation direction which also happens to be along the polarization of the
ps laser pulses.
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Fig. 3.3. Frequency response of ASWs from ns LIB of air, around the plasma at various
angles of microphone w.r.t incident laser direction, (a) 10 m]J, (b) 25 m]J, (c)40m] of incident
laser energy.

The evolution of frequency response vs power spectral density (PSD) of ASWs from ns-LIB at
different laser energies, in various angles of microphone with respect to incident laser direction are
shown in fig. 3.3. The frequencies of ASWs are from audible to ultrasonic frequency range with
high amplitudes. For a particular laser energy of 10 m], the peak frequencies are very close. The
variation in PSD of peak is very less indicating the unchanging acoustic frequencies around the plasma.
A similar trend is observed for second frequency peak also for 25, 40 m] of energies. We observed that
the frequency response of ASWs from plasma is independent of microphone position. Thus ASWs
from LIB of air are useful for wideband acoustic signal propagation in the atmosphere [10]. The
appearance of single peaks at lower energies and two at higher energies indicates the number of LIB

sources generated in atmosphere [5].

3.4 Energy dependence of ASWs

3.4.1 nano second laser induced breakdown (ns-LIB) of Air

The behavior of plasma is different at different laser energies is a well-known fact. As the
incident laser energy increases, we are dumping more and more energy at a very small focus
point, so the medium will get ionized heavily and consequently the size, density and
temperature of the plasma increases [5]. For ns-LIB the Py value at 10 m] of incident laser
energy is 2.6 kPa (162 dB) whereas at 90 mJ the Py is 5.1 kPa (168 dB), almost double the value.
Sound pressure level >140dB creates nonlinear acoustical effects [1, 8]. So, it can be used as
acoustic source for non-linear studies [1]. With increasing laser energy, the changes in the
arrival times of the acoustic signals were presented in fig. 3.4. Along with the arrival times, the

temporal shape of the acoustic pulse also changes.
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Fig. 3.4. ASW signals from ns-LIB of air at 10, 25, 40, 55, 70 and 90 m] of laser energies per
pulse, X-axis is time duration of the pulse, Y-axis is peak to peak pressure. Here the source-
receiver distance is 8 cm.

With increasing laser energy, the arrival time of ASW is reduced. At 90 m] of laser energy, the

A¢is 218 ps whereas at 10 m], A is 224.5 ps indicating that, higher the laser energy, sooner the

ASW reaches detector with high peak pressure. Table 3-1 summarizes energy dependent

evolution of the important acoustic parameters from ns-LIB of atmospheric air at a fixed

source-receiver distance of 8 cm.

Table 3-1. The ASW parameters from ns-LIB of atmospheric air at different input laser

energies.
Signal
Laser Peak-peak Arrival Decay Pulse en
ener
energy pressure time, time, Duration, gy
E;(a.u X 10-
(mJ) P (k Pa) A@s) | D@s) | W.@s) 0
10 2.6 224.5 12.2 14.8 11
25 32 2228 14.3 17.7 17
40 39 221.2 174 19.9 25
55 4.3 220 19 21.96 32
70 49 218.8 22.8 24.14 42
90 5.1 218 24.6 2523 47
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Thus, the arrival time depends on incident laser energy and distance of microphone from the
plasma. There is considerable rise in signal energy along with incident laser energy; it distinctly
indicates that there is good conversion of optical energy into mechanical energy (table 3-1).
With increasing laser energy, the plasma is sustained for longer durations leading to a broader
acoustic pulse resulting in higher W; and D: values. Similar results were reported during plasma
initiated by solid aerosol particles [11], confirming that plasma size and acoustic pulse width

are proportional to each other.
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Fig. 3.5. During ns-LIB of air, plasma plume dimension (from CCD imaging) and ASW pulse
width vs laser energy at same experimental condition.

Actual plasma dimensions were measured from CCD images [5]. It is cleatly seen that, along
with incident laser energy, plasma dimension also increases as shown in fig. 3.5. The increment
in acoustic pulse duration follows a similar behaviour close to the increment in plasma

dimension.

Apart from time domain information, evolution of frequency information and spectral density
of ASWs is also essential to get a complete picture of acoustic emissions. The frequency
components associated with the time domain ASW signals are obtained by applying Fast
Fourier Transform, which shows the presence of several frequency components associated
with the acoustic waves [6, 12, 13]. ASWs are transient signals so its frequency response range
is broad. Fig. 3.6(a) shows the evolution of power spectral density as a function of frequency
with laser energy from ns-LIB at a distance of 8 cm. At lower energies (<25 m]) only a single
dominant peak centered at 68 kHz is observed (termed as peak 1). With increasing energy (>25

m]) another frequency peak is observed (termed as peak 2). With increasing laser energy, both
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the peaks shift towards the lower frequencies with peak 1 approaching audible range. At the
highest energy of 90 m] used in the present study, two peaks centred at 34 kHz (peak 1) and
84 kHz (peak 2) with an amplitude ratio of 5:3 respectively are observed. Central frequency of
peak 1 is observed to rapidly shift towards the audible range with increasing laser energy as

shown in fig. 3.6 (b).
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Fig. 3.6. Frequency spectrum of ASWs from ns-LIB of air, (a) at various incident laser energies,
X-axis is frequency and Y-axis is Power Spectral Density (PSD), (b) shift in central frequency (peak
1) w.r.t laser energy.

With laser energy the shift of frequencies to the lower side is in good agreement with the
increase in size of the plasma [14], because the natural frequency of resonance of any sound
source is dependent of its flexural rigidity and inversely dependant on its density, mass and
dimensions [15]. In our case, with increasing laser energy the dimension and number density
of LIB induced plasma increases. Also, the collisions among the plasma will increase leading
to increased ASW pulse duration. The following equation shows the dependence of frequency
of ASW on plasma dimension [10, 11] , here r;, is the size of the plasma, Tj, is the ASW width

in time domain, c is the velocity of sound in atmosphere.

IR
IR

c 1
fmax E E - (1)

So, from equation (1), as the rpand 1, increases, the max frequency value decreases.

The full width half-maximum (FWHM) and area under the curve are extracted by fitting the acoustic
frequency spectrum to a Lorentzian function and plotted against incident laser energy, shown in fig.

3.7. As laser energy increases, the frequency peaks become sharper with increasing amplitude,
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indicating energy conversion to a dominant acoustic mode. With the appearance of high frequency
peak (which has lower amplitude, peak 2) at laser energy >25 mJ, the FWHM and energy content of
the low frequency peak (peak 1) in fig. 3.7 starts to saturate. This confirms the transfer of incident laser

energy into the evolution of different acoustic modes.
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Fig. 3.7. For ns LIB of air, (b) the FWHM and area under the curve of spectrum for both
peak 1 (low frequency) and peak 2 (high frequency). These are changing along with the incident
laser energy.
For peak 1, the FWHM values decreases as laser energy increases, whereas for peak 2, FWHM values
increases, as shown in fig. 3.7. As laser energy increases, the area under the curve values also increases,
as shown in fig. 3.7. From fig. 3.7, the change in the slopes of area under the curve indicates the higher
propagation velocities involved in ASWs. The response of these two peaks can be related to the
different plasma expansion dynamics that takes place at higher input laser energies. The presence of
two peaks can be attributed to the presence of two dominant plasma centers due to the leading and
trailing edge of the ns laser pulse interacting with varying refractive index and electron density profiles
along the propagation direction [5, 16]. A similar observation of two ionization centers along the
propagation direction during vibrant evolution of ns laser—plasma interaction leading to two shock

waves is reported [5].

3.4.2 pico second laser induced breakdown (ps-LIB) of Air:

Acoustic signals from ps-LIB of air for different laser energies are shown in fig 3.8. The time domain
acoustic signals from ps-LIB have shown similar evolution with laser energy as that of ns-LIB. The

parameters extracted are shown in table 3-2.
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Fig. 3.8. ASW signals from ps-LIB of atmospheric air at 3, 6, 12, 18, 24 and 30 m] of incident
laser energies, X-axis is time duration of the pulse, Y-axis is pressure.

For 3 m] and 30 mJ of incident pulse energies the maximum peak frequencies are 122 kHz and 94
kHz, respectively. Like ns-LLIB spectrum, the peak frequency shifts towards lower frequency range with
incident laser energy, but not closer to the audible range. At various incident laser energies, FWHM
values and area under the curve values for the spectra of ps-LIB generated ASWs are presented in fig.
3.9. As shown in fig. 3.9(b), the FWHM values increases till 12 m] and, then decays rapidly, which
indicates the rapid rise in its peak height. This can be attributed to the ps-LIB which consists of a pool
of electrons, ions, neutrals and molecular clusters [17] with huge temperature (=10,000 -15,000 K) and
density gradients compared to the surrounding atmosphere [13, 18, 19]. The time domain spectrum of

ASWs from ps-LIB at a distance of 8 cm at various incident pulse energies are presented in fig. 3.8.
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Table 3-2. ASW parameters from ps-LIB of air at various laser energies.
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Laser Arrival Decay Pulse Signal
Peak-to-peak pressure
energy (k Pa) Time, Time, Duration, Energy, E
(m]) A@us) | Dis) | Wius) | (aux10°)
3 0.106 234.6 10.8 8.35 0.015
6 0.324 234.1 10.8 8.8 0.14
12 0.825 233 10.9 9.6 0.9
18 1.25 2323 11.6 10.07 23
24 1.54 231.6 12.5 10.8 3.7
30 1.79 230.4 13.7 11.25 55

With increasing laser energy, these gradients increase sharply leading to huge pressure differences
between plasma and the surroundings. These temperature and density gradients generates acoustic
transients [20] with high peak pressures [21, 22] that propagate with higher velocity in unperturbed
ambient medium. In the case of ps laser pulses, the intensity of the pulse is higher, ensuring higher

degree of ionization of the medium, which decreases the presence of neutrals in the plasma.
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Fig. 3.9. Frequency spectrum of ASWs from ps-LIB of air, at different incident laser energies
when microphone is at 8 cm distance from plasma, here X-axis is frequency and Y-axis is Power
Spectral Density (PSD) (a), Incident laser energy versus FWHM and area (b).

FWHM represents the spectral energy of the acoustic signals. The acoustic signals are majorly due to
the density gradient of electrons, ions and clusters with in the plasma. With increasing laser intensity,

the ionization will increase reducing the number of clusters within the plasma. This in turn will increase
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the plasma frequency, localizing the energy to specific acoustic frequencies and reducing the FWHM.
The increasing area under the curve supports the localization of acoustic frequencies and their increase
with intensity. This eventually reduces the acoustic emissions. A similar amplitude reduction is

observed in the case of RF emissions from ps-LIB of air [17].

The major difference between the acoustic SWs due to ns- and ps-LIB is that, (a) peak-to-peak
pressures and E; lower for ps-LIB, (b) A. is slightly delayed, (c) Dy, W: are shorter. This is due to the
fact that pico second pulses have high intensity and ns pulses have higher energy under similar

experimental conditions which lead to plasma of different densities.

3.5 Effect of input intensity on the acoustic parameters

To understand the role of laser intensity on the ASW the generation of plasma and resulting effects,
the photon flux, spot size and number of atoms in focal volume need to be studied. The estimated
values for the focal geometries used in the studies are presented in table 3-3. We calculated the number
of atoms in focal volume, assuming that laser energy is deposited in a cylindrical volume

TwiZz where 2wy is the spot size at focal plane, Z is the Rayleigh length of the focused beam.

and the atomic density of air is 102 atoms/cm? at STP conditions [23]. At a fixed input laser beam

diameter, increasing the focal length results in the increase of the focal number.

Spot size at focal plane is directly proportional to the focal length, when remaining parameters are fixed.

2w0=1.27*f*)1*M7 ------------ 1)

Where 2wy is the spot size (diameter), f is focal length of the lens, A is incident wavelength and dis the

laser beam diameter. M? is beam divergence parameter of the given laser beam.

Varying focal length leads to varying spot size at focal plane (2wq) and varies the intensity accordingly.

The laser intensity is

Where P is peak power of the pulse. The theotetical estimated peak intensity is order of 1012 W/cm?
for 80 mm focal length. However, from our experimental measurements the breakdown is observed
atan intensity of 101 W/cm? in tune with the literature [24]. The theoretical calculated intensity values

are always two orders higher as the role of impurities are neglected in the estimations [23].

40



ASW emissions from ns and ps-LIB of atmospheric air: Propagation of ASWs in surronnding

The estimated spot size, intensity and number of atoms at focal volume are presented in table 3-3 for
1710, /719, /25, 1/38, /750 focal geometties. These numerical values give a brief idea on the role of
focal number that varies intensity, which in turn controls the breakdown. As shown in table 3-3, as the
focal number increases, the intensity at focal point decreases. The number of photons per pulse for 40
m] energy are 11 X 1016, As focal number increases, the distribution of the same number of photons
into larger focal volumes reduces the effective intensity at focal point and breakdown probability. For
example at 80 mm focal length, 3.2 X 10 W/cm? intensity is shared by 1.6 x 1010 atoms where as in
150 mm case, 9 x 1010 W/cm? intensity is shared by 10.6 x 1010 atoms. The mechanisms leading to
breakdown is different for ns and ps pulses. With ns laser pulses the major breakdown mechanism is
avalanche ionization where electrons interacting with the neutrals get multiplied under the influence of

the laser electric field.

Table 3-3. Theoretically estimated spot size, intensity and number of air molecules in focal
volume for different focusing conditions.

ns LIB £=80 | £=150 | £=200 | £=300 | =400
40 m]J mm | mm mm mm mm
Focal
10 | 19 | f25 | f38 | /50
Number
Snot size (2 6.75 | 12,66 | 169 25.3 33.8
pot size (2ux) pm pm pum pum pm
Intensity (I) 319 | 907 | 509 | 227 | 127
X 1010\ /cm?
Number of molecules in focal volume (x101°) 1.6 10.6 20 84 200

While with ps laser pulses that have shorter pulse duration but higher intensities, ionization is the major

mechanism leading to breakdown. The breakdown threshold for a material is given by [10]

, 2,2
I a mce;(1+w?T )[g 4 Tilog (pcr)] _____ 3
p

2me?t Po

Where, Tp, is the laser pulse duration, w is the optical frequency, T is the momentum transfer collision
time, and &; is the ionization energy of the atoms or molecules, g is the rate of loss of electron, p,- and
po are the critical and pre-ionized densities of the medium. Hence, the breakdown threshold
predominantly depends on the ionization energy (&;) of the atoms or molecules of the medium. For a
gaseous medium like atmospheric air containing N, Oz as major molecules with huge number of

ambient impurities, the element with least &; generates the seed electrons for breakdown [16, 25].
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Hence, the breakdown threshold with ns and ps pulses is observed to happen around 1010 W/cm? and
102 W /cm?, respectively [23, 25].

Under different focusing conditions, the number of molecules of atmospheric air available at focal
volume will vary drastically, leading to varying pre-ionized density (pg) of the medium. This in turn will
change the breakdown threshold (I;,). Under tighter focusing conditions having low focal volume, the
ionization will be more due to higher ratio of photons to atoms in focal volume. At the same time, the
electron loss due to diffusion out of focal volume is also more. Hence, g and Ij-are relatively higher
compared that of loose focusing conditions. By varying the intensity, the dynamic interplay between
the plasma temperature and recombination of the plasma species (#, #;) will be different. This eventually
leads to plasma with different initial temperatures that expand into ambient atmosphere in turn
launching acoustic shock waves propagating with varying parameters. Therefore, the evolution of the

ASW parameters at different laser intensities is presented here.

In both ns and ps-LIB, the arrival time decreases with increasing incident laser intensity as shown in
fig. 3.10(a), (b). For ns-LIB, at f/19 focal number the artival ime decreases from 227.2 to 220.2 ps. For
ps-LIB, at /14 focal numbert, the artival time decreases from 234.8 to 232.4 us. With decay of plasma
the A comes down. Acoustic pulse width (W) indicates the duration over which plasma expansion is
supersonic. With increasing laser energy (intensity), Wt increases monotonically. This is in agreement
with the self-emission or plasma plume expansion with increasing laser energy [14]. For a given focal

number, as the laser energy increases, the W, increases, for both the ns and ps-LIB, shown in fig. 3.10
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Fig. 3.10. Arrival time and acoustic pulse widths of ASW w.r.t incident laser energy. (a) ns
LIB, f/19 and (b) ps LIB, f/14 focal geometry.

Arrival ime (A)) is observed to be proportional to the lifetime of plasma and to its decay time due to

diffusion or recombination. A;and W; shows the strength of the pressure gradient between plasma and
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ambient atmosphere. Ata given laser enetgy as focal number increase from £/10 to f/38, acoustic pulse
width and decay times are decreasing from 24.14 to 18.01 us and 22.8 to 14.34 ps, respectively,

indicating that life time and decay time of ASW are intensity dependent.

For ns-LIB, the ASW peak to peak pressures are 1.7, 2.7, 3.4, 3.8, 4.4 and 4.9 kPa at the laser energies
of 10, 25, 40, 55, 70 and 100 m], tespectively for f/25. This shows that as the laser enetgy increases,
the peak to peak pressures also increase [24]. Similar behaviour is observed for all focusing conditions.
The pressures from ps LIB are also proportional to incident laser energy, as observed with ns LIB. For
f/14 focal number, the pressures are 0.2, 0.5, 0.9, 1.2, 1.5 kPa at 6, 12, 18, 24, 30 m] of laser energies,
respectively. For ns-LIB, at a constant laser energy of 70 m], the pressures are 4.9, 4.43, 4.36 and 3.44
kPa for £/10, £/18.7, £/25 and /37.5 focal numbers, respectively, shown in fig. 3.11(a). Whereas for
ps-LIB, at 30 m]J of laser energy, the pressures are 1.79, 1.5 and 0.78 kPa for £/10, £/14, £/18 focal

geometries respectively, shown in fig. 3.11(b).

At a particular laser energy, the pressures are high for tighter focusing conditions and low for loose
focusing. For tight focal lengths, the acoustic pressures are high because, smaller the focal length, the
smaller the dimension of the focal volume, the greater the rate of diffusion of electrons out of it (and
these electrons create pressures on surrounding gas molecules) and higher the threshold field [23].
Longer focal lengths are associated with larger spot sizes, lesser intensity, resulting in low acoustic
pressures. At a particular focal geometry, as the laser energy increases, there is an increase in electron
number density and the temperature gradients produced by plasma. These gradients affect the

electromagnetic [25] and mechanical emissions [5] from plasma.
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Fig. 3.11. ASW pressure variations and linear fits vs incident laser energy for different focal
geometries. (a) ns LIB, (b) ps LIB of ambient air.

The peak acoustic pressures have shown an interesting energy dependent evolution. For ns-LIB till 70

m] of input laser energy, the peak to peak pressure has increased linearly before saturating for higher

43



D S emissions from ns and ps-LIB of atmospheric air: Propagation of ASW's in surrounding

input energies. A similar trend is observed for ps-LIB also. Two linear fits with two different slopes for
each £/10 and £/25 focal geometties, shown in fig. 3.11 (a). From 10-70 m] of energy, the fitted line
slopes are 3.8 X102, 4.2 X 102 for £/10, /25 focal numbers, whereas for f/38 focal number, the slope
of fitted line is 3.3 X 102 For £/10 focal number, from 70-100 m] of energy, the slope is much smaller
0.7 X 102, indicating the saturation of pressure. At lower input laser energies, for longer focal lengths
breakdown is not obsetved. For example, £/38 at 25 m], no breakdown is obsetved and for £/50
condition breakdown is observed at 100 mJ. For ns-LIB the saturation of pressure occurred at 70 m]
for the tighter focal geometries as shown in fig. 3.11(a). While for ps-LIB, the saturation starts only for
£/10 focal geometry. These observations are in line with the fact that peak intensities do play a critical
role in the breakdown of the medium. At any given laser energy, the pressures come down, as focal
number increases. This is due to the fact that, higher energies are required at larger focal numbers to
induce breakdown and propagation through the medium. For £/50 focal geometty, at 100 m] of

incident laser energy the ASW pressure is 1.6 kPa. Below 100 mJ no breakdown is observed.

The threshold intensity of any medium mainly depends on the focal number [26]. The ASW
parameters gives the information about plasma [24]. There is a change in all ASW parameters as we
move from one focal number to another for a particular laser energy. As mentioned eatlier, £/10 has
more intensity than the other focal numbers. Hence, the ASW produced with high laser intensity

reaches the microphone quickly than that produced with lower laser intensities.

The ASW parameters were tabulated for both ns and ps LIB of ambient air for a fixed laser energy of
25 m] per pulse. As we move from left to right in table, the focal number increases and intensity
decrease. As the focal number increases, we can see a clear change in ASW parameters. For f/38 focal

geometty, at 25 m] of energy, there is no ASW signal noticed at our experimental condition.

Table 3-4. ns LIB generated ASWs parameters at a fixed laser energy of 25 m], for various
focal geometries.

ns-LIB@25 m] £/10 £/19 £/25 f/38
Arrival time (us) 222.8 2255 227

Pressure (kPa) 3.2 3.1 2.7

Pulse width (us) 17.7 17 14.9 No ASW signal
Signal energy () 34 3 2.1

Decay time (us) 14.3 135 12
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As focal number increases, the acoustic pulse width decreased for both ns and ps LIB generated ASWs,

as shown in table 3-4 and 3-5.

Table 3-5. ps LIB generated ASW parameters at 25 m] of incident laser energy.

ps-LIB@25 m] 710 714 718
Arrival ime (us) 231.6 232.8 235.8
Pressure (kPa) 1.54 12 0.52
Pulse width (us) 10.8 10.2 9.3
Signal energy (u J) 0.5 0.3 0.05
Decay time (us) 12.5 11 10.5

Signal energy is the energy carried by the ASW [27] and indicates the conversion efficiency of laser
energy to acoustic energy. Higher the laser intensity, higher the signal energy and it is inversely
proportional to the focal number. Though the values of ASW parameters are different, the evolution

of the parameters is observed to follow the same trend for both ns- and ps-LIB.

Increase and decrease of selective ASW parameters indicates the growth in electron density, pressure,
temperature inside the plasma. There is considerable rise in signal energy along with incident laser
energy indicating a good conversion of optical energy into mechanical energy and it is valid for all focal

numbers, as shown in fig. 3.12.

Conversion of laser energy into acoustic energy (Wg) can be estimated from ASW parameters using

[10] the equation given below:

_Anr?pltg,
pc

Wqc )

Where, p is acoustic peak pressure, T.cis acoustic pulse width, 7is source to receiver distance and pc is
the acoustic impedance of the medium. The incident laser energy is of the order of milli Joules (my]),
whereas the obtained acoustic energy from plasma is in micro Joules. The energy difference indicates
that the laser energy is conserved by generating other forms of energy like heat, radiation, optical

scattering, transmissions), RF emissions, etc. [5-7, 25, 28, 29].
g
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Fig. 3.12. Acoustic signal energy vs Laser energy at £/10, £/19, /25, £/38 focal numbers, from
ns LIB of air, lines are guided to the eye.

Though air is transparent at 532 nm, due to breakdown of air, the evolving plasma during the
laser pulse and the diffusion and recombination of plasma density, absorption increases. The laser light
absorbed by plasma increases the ionization of remaining neutrals and increases the energy of the ions.
At very high incident laser energies (beyond the range of laser energies used in the study), plasma acts
as a shield for incident light. However, a portion of the incident laser energy before focusing (Ei) will
transmit through the breakdown point as residual energy (Er). These residual energies are function of

incident laser energy and wavelength [5]. Table 3-6 shows the residual energy and the percent of

absorbed energy at the breakdown region.

Table 3-6. Residual energy of ps laser pulses after focal point at different laser energies at a
given ps input laser pulse energies.

Ein E L
: % of absorbed energy E";,—ER x 100 (532 nm)

) ) x

3.21 3.01 6.3

5.93 544 8.27

114 9.71 14.83

17.6 15.1 14.21

233 19 174

31.1 25 19.62
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At higher incident laser energy, the energy absorption by ps LIB of air is greater than the energy
absorbed at lower laser energies (table 3-6). This absorption will represent higher conversion efficiency
at higher laser energies, as shown in fig. 3.13(b). At higher intensities the distribution of plasma to
surrounding atmosphere is more compared to the plasma formed at lower intensities [29]. At higher
laser energies, the plasma density is more than the density formed at lower energies [6, 7], so these
plasma species absorb more energy and allows less transmission of laser energy through the plasma.

Ratio of the acoustic energy to the incident laser energy gives the gain or conversion factor [30].
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Fig. 3.13. Ratio of E, and Ei,, (a) ns LIB, (b) ps LIB at various laser energies and focal
numbers.

For ns-LIB, for loose focusing (f/38) the convetsion efficiency of laser enetgy (Ein) to acoustic
energy increases from 40 to 100 mJ. While for £/25 focusing geometty, the E.. /Einincreased lineatly
until 40 m] before becoming constant. Interestingly, for £/19 and £/10 focusing conditions the Eac /Ein
decreases till 40 m] before remaining almost constant. However, beyond 40 mJ, the  E.. /Ei increases
by 2 -5 times while traversing from loose focusing geometry (£/38) to tighter focusing geometry (£/10).
This clearly indicates the role of laser intensity on the acoustic energy. In contrast to ns-LIB, for ps-
LIB for all the focusing geometties, the E.. /Eix increases with input laser energy, in agreement with
earlier reports [30, 31]. The role of laser intensity on the increasing acoustic energy is evident as we

traversed from £/19 to £/10 focusing conditions, with E.c /Ein increasing by 4 times.
3.6 Frequency analysis

The upper frequency limit of the acoustics is determined by the mean free path of air molecules
[34]. With increasing laser energy for any given focal geometry, two frequency peaks with different

amplitudes were noticed in ns-LIB, whereas only one frequency peak was observed in ps-LIB.
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Peak 1 and peak 2 of ns-LIB and ps-LIB decay with laser energy for all focal numbers, as shown in fig.
3.14(a), (b), (c). As laser intensity increases, the dimension of the plasma increases [5], this leads to rise
in the acoustic pulse width, which is inversely proportional to the frequency of acoustic emissions [10,
32] due to which the peak frequency shifts towards the lower frequency side. The trend of change in
frequencies for all focal numbers is presented in fig. 3.14. As focusing moves form tight to loose,
the frequency range is increases, as shown in fig. 3.14. The spectral analysis of ASWs from LIB of air
can be helpful for real time diagnostics of plasma parameters [10]. The ionization is a function of
intensity. For ps-LIB, the pulse intensity is higher than the ns-LIB, the plasma constitutes more of
electrons, ions and lesser neutrals [17, 18]. Therefore, interaction of neutral particles with surrounding
ambient atmosphere is less. Therefore, it produces the low acoustic pressures than that of the ns-LIB.
The broad spectral range of ASW frequencies cannot be obtained by other conventional sources of

acoustic radiation [10].
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Fig. 3.14. Central peak frequencies for various laser energies for both (a) ns LIB peak-1, (b)
ns LIB peak-2 and (c) ps LIB of air.

3.7 Summary:

Investigations on propagation of ASW from LIB by focusing ns and ps laser pulses in
atmospheric air is presented. The analysis of microphone signal levels was done and compared for
both ns and ps lasers. The studies have establish a relationship between the ASW parameters and laser
pulse parameters in which the acoustic detection method can be used in real-time monitoring of laser
matter interaction. Also the peak frequencies of both ns and ps acoustic pulses are observed to be
distinct indicating the distinct plasma formation mechanisms. Under same laser energies, the ns pulses
have shown better conversion of optical energy to acoustic frequencies compared to ps pulses. While

with ps pulses, that deliver two orders of magnitude higher peak intensities than the ns laser pulses,
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localization of acoustic spectrum towards higher frequencies (60-70 kHz) with less peak pressures is
observed. This brings out the different decay mechanisms for the plasma generated using ns and ps
pulses. The ASW's were found to be more intense and longer with increasing laser energy for both the

cases.

Evolution of ASWs from ns and ps LIB of air, as a function of laser intensities achieved via different
focusing conditions were presented cleatly. The role of breakdown mechanism for ns- and ps-LIB are
observed to play a major role in the acoustic properties and the evolution of the central frequencies
that followed the plasma profile due to the breakdown. For any given laser energy, as we traversed
from loose focusing conditions to tighter focusing conditions, the central frequencies were observed
to remain almost same with increasing power spectral density. The spatial distribution of the ASWs
around the breakdown region is found to be almost spherical with similar central frequencies.
Moreover, the observed broad band frequencies are widespread in compatison with traditional acoustic
sources with a uniform spatial distribution. Conversion ratio of the laser energy to acoustic energy is
presented. We can optimize the ASW frequencies, which varies from audible to ultra-sonic range by

varying the laser pulse energies and pulse-width.

These studies have established a relationship between the ASW parameters and laser pulse parameters
in which the acoustic detection method can be used in real-time monitoring of laser matter interaction
and can augment the traditional LLIBS technique. Using ASW parameters, we can study the plasma

properties from long distances.
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Fig. 3.15. ns-and ps- LIB generated ASWSs, (a) temporal representation, (b) spectral
representation.
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CHAPTER 4 : ASW emissions from LIB of

various materials

Abstract:

In this chapter, the results from focusing laser pulses of both ns and ps duration on
target materials of metals, dielectrics, insulators and compacted copper micro powders
to generate LIB is presented. Under various experimental conditions we have
presented the time domain and frequency domain analysis of the acoustic signals. The
evolution of ASW parameters as a function of laser energy is presented for each
material. The resulting ASW pressures are proportional to the crater dimensions. The
ASW signal is divided into two parts and studied to understand the laser-matter

interaction.

The relation between ASW strength and density fluctuations caused by ionized species
in surrounding atmosphere was studied. Comparisons made between the fresh spot
area of sample interaction (each laser pulse falls on virgin area of sample) and shot on
shot method (selective number of laser shots are incident on same spot area). Lorentz

fitted frequency peaks are plotted for various samples.

4.1 nano second LIB

When nano second laser pulses have intensity above the breakdown threshold of a particular
medium it results in breakdown and ablation of material [1]. In short pulse (nano second) laser
ablation, the formation of plasma is associated with the processes of heat conduction, melting,
melt expulsion, melt deposits, evaporation and creating a high pressure and temperature

gradient, shown in fig. 4.1.

If the supplied laser fluence is greater than the breakdown threshold value of material, then
breakdown is initiated and it further develops and forms a state of ionized species and finally
forms the plasma plume above the target surface [2]. After breakdown, the electrons, ions,

neutrals and high temperatures will develop within the plasma. Because of good thermal
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conductivity of the metal, the heat generated at the focal point is transferred to surroundings
including both metal and surrounding atmosphere. It causes melting, then vaporization and
finally good amount of material is expelled from the focal spot and is called ablation. After
saturation of the ablation, plasma works as a shield to the incident laser energy [3]. The ambient
gas allows laser light (532 nm) through it, whereas the ionized gas absorbs and reflects the laser
light. At this stage, the laser energy absorption takes place by the plasma and there is a huge

rise in plasma density and temperature.

This discontinuity in pressure and temperature with respect to ambient atmosphere causes the
plasma to expand into surrounding atmosphere [4, 5] with higher velocities and creates a large
pressure and temperature gradient. This plasma in the initial time scales (upto few hundreds
of ns) while coming to an equilibrium with surroundings, depending on the energy will
generate mechanical stress which is dependent on the electrical and thermal conductivities of
the metal targets. These high pressure gradients launch shock waves up to few 100 ns that are
converted into acoustic shock waves (ASW) after a few tens to hundreds of microseconds due
to air friction. The measurements associated with the acoustic emission are, the signal energy
[6] and arrival time [7] of ASW, which were utilized to know the peening quality of the sample.
Both thermal and dielectric breakdown of materials generate acoustic emissions, that can be
captured by a calibrated microphone [8]. The acoustic detection technique is used to
understand the laser-matter interaction to monitor ablation quality [9]. These intense pressure
waves can be used in many critical places to trigger electronic devices and resonate complicated
structure, conference halls [10], metal impedance tubes [11], scaled sealed structures etc. [12],
laser cleaning (removal of encrustations) [13], surface treatment, underground land mine

detection, [14] to name a few.

So, here we present ASW parameters such as peak pressures, arrival times, acoustic pulse
width, decay time, signal energy and central frequencies as a function of laser energy and target
materials. We attempted to establish a relation between material properties and the ASW
parameters. These ASWs from material plasma are different from air plasma. The major
difference is in the plasma temperature and density. These two parameters decide the energy

dynamics and their relaxations via collisions, which in turn determine the emissions.

Understanding of LIB of materials is more complicated than LIB of air. The plasma species
such as number of electrons, ions, neutrals and plasma temperatures are very high in a material

plasma in comparison with air plasma. During ns-LIB of solid targets the plasma formed will
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lead to melt expulsion, and deposition and the heat conduction through the material that can
form cracks etc. all these phenomena will make the dynamics of emissions more challenging

compared to the plasma dynamics from gaseous samples.

plasma

melt deposits vapor

heat conduction

Fig. 4.1. nano second laser pulses and target sample interaction [15]. During laser matter
interaction, the associated phenomena are also presented.

Target samples used to study the laser matter interaction through the acoustic emissions are
conductors (Al, Cu, Brass, and SS-304), insulators (PVC, Teflon, Alumina-90% dense),
dielectrics (Mica, Barium Titanate, Zirconium Tin Titanate, LiNbO3) and copper powder
pellets of various densities and particle sizes (2, 425 um). The properties of materials like
melting and boiling points influences the threshold fluence for ablation [16]. The threshold
fluences for Al and Cu are 1.30 and 1.61 J/cm?, respectively at 532 nm wavelength. Cabalin
et.al, reported the, saturation fluences for Al and Cu as 6.6 and >40 J/cm? [16]. The fluences
we have used ate in the range of (26 to 265 J/cm?) and higher than the above literature reported
values. The fluence range used in our study allowed us to understand the ASWs from
breakdown threshold and beyond the saturation fluences. If enough laser energy is incident on
any metal sample surface, the layer of metal is heated and vaporized. This vapour gets ionized
by absorbing the trailing edge of the laser pulse and forms plasma. The vapour which is
adjacent to plasma can launch a strong shock wave into the neighbouring atmosphere. The
propagation of shock also causes the breakdown of molecules for stronger shock. This is the
phenomena of laser supported detonation (LSD) waves [17]. This makes our experiments

mimic the laser supported micro detonation wave in lab scale.

55



ASW emissions from LIB of various materials

Metals are surface absorbers, with low ionization potential, high absorption coefficient and
high electron number density. Hence, the LIB of metals generates more electron density, ion

density and plasma temperature than the LIB of a gas medium.

In this section the ASW from ns-LIB of metallic/alloys samples is studied under similar
experimental conditions (input laser energy, focusing geometry and source-receiver distance)
to understand the role of material parameters on ASW. The physical properties of samples we

have used are tabulated in table 4-1.

Table 4-1. Physical properties of materials from literature.

Electrical Thermal Melting
Density
Sample o/ cm’ conductivity | conductivity | point (M)
(S/m) (W/m.K) K
SS 316 LN 7.4 1.35* 100 16.2 1633
SS304 7.92 1.4 *10° 16.2 1633
Brass 8.56 1.67 * 107 111 1170-1210
Aluminium 2.70 3.5*107 204 933
Copper 8.96 5.96 * 107 386 1356
Alumina (AL2O3) 3.95 10-15 30 2345
Naphthalene (CioHs) 1.16 10-16 0.12 353
PVC (CH5Cl), 1.38 10-14 0.19 373-473
Teflon (CoF4)q 2.2 10-24 0.25 600
Glass (Borosilicate) 2.203 10-13 1.05 1921
Mica 1.9 10-15 0.71 1773
Lithium Niobate (LiNbO3) 4.63 10-12 4 1513
Barium Titanate (BaTiOs) 4.49 10-9 2.85 1898
Zirconium Tin Titanate
(Z6SnTiO} 4.33 10-6 - -

Literature reported thermal conductivity [16], electrical conductivity, density [18], melting
point, boiling point of Al, Cu, Brass and SS [19] are used to understand the laser mater

interaction phenomena. It helps to compare the material properties to the ASW parameters.
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4.1.1 Metals and alloys

In this section, the ASW properties due to LIB of commonly used metals (Al, Cu) and
alloys (Brass, SS 304) are presented. The focal length of the lens (80 mm) and the microphone
distance from LIB source is kept constant at 7.5 cm for all samples. Here the experimental
schematic is different from the LIB of ambient air setup. In LIB of air, the microphone is
placed normal to the plasma at a distance. For the material targets the microphone is at 459
w.r.t incident laser direction and target. The targets are mounted on a translation stage to
ensure that each laser pulse interacts with a fresh target surface. The experimental schematic

is presented in fig. 4.2

Micro

phO/:\

Sample Holder
mounted

T v -
arget S , On a translational
stage

ASWs

Fig. 4.2. Schematic of LIB of materials. The position of microphone, target, sample holder
(mounted on a translation stage), ASWs are shown.

Ambient air at atmospheric pressure is the background gas. The emitted ASW signal
from ns-LIB of aluminium (Al) target from the plasma at 100 m] of laser energy, is presented
in fig. 4.3. The method of taking measurements of ASW signal, is as presented in Chapter 2.
These ASW's are acoustic radiations emitted from plasma, so the associated changes in acoustic

parameters reflects the source characteristic properties from long distances.

The acoustic signal consists of two portions, a positive and a negative peak. The line zero in
fig. 4.3, is the ambient pressure (100 kPa) and upper, lower part of signal are the fluctuations
due to LIB of material about the atmospheric pressure. The ASW pressures we measure are

the dynamic pressures caused by the plasma, with reference to atmospheric pressure. As shown
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in fig. 4.3, positive upper portion (+ve part) and negative lower portion (—ve part) are taken

into account for further analysis of signals.
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Fig. 4.3. Typical time domain ASW signal from ns LIB of Aluminium target at 100 m] of laser
energy per pulse. Plasma- microphone distance is 7.5 cm. X-axis is time and Y-axis is pressure.

The second -ve peak (dip comes at latter time scales) depends on the sample dimension,
if the sample is larger in dimension (50 mm or 25 mm), then the height of second —ve peak is
observed to increase. Hence, we considered the first —ve and +ve peak (one full wave) for
analysis. As shown in fig. 4.3, the two portions have different amplitudes (heights) and widths
(difference between the arrival time and the time of +ve peak touching the ambient (zero)
pressure line) at different laser parameters. The properties of —ve and +ve parts of ASW signal
with respect to incident laser energy are presented in fig. 4.4 and 4.5. The sharp rise in the first
—ve peak represents the arrival time of ASW which gives the velocity of ASW. The arrival time
of ASW from LIB of Al at different input laser energies, under fixed experimental conditions,
is shown in fig. 4.4. The ASW peak pressures emitted from ns- LIB generated Al plasma are
3.67,5.59, 5.9 and 6.7 kPa and the arrival times are 218.8, 207.2, 206 and 203.6 ps for laser
energies of 20, 60, 80, 100 m], respectively. As the incident laser energy increases, the ASW
pressures from plasma also increases and the arrival time decreases. Lower values of arrival
time indicates that ASW is reaching microphone faster. So, the velocity of ASW is increasing
[20, 21] with increasing laser energy for a fixed distance of 8 cm between source and

microphone. When compared with the LIB of ambient air, ASW pressures of materials are
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very high and arrival times are very less under similar experimental conditions. It shows the
effect of material target on the ASW properties apart from the incident laser energy. In general,
solids have very low threshold values than the ambient air, so a small portion of incident laser
energy is used to breakdown the material, the remaining energy is utilized to enhance the
plasma. The signal energies of ASWs from ns-LIB of Al are 2.8, 5.59, 6.66, 10.2 X 10- (a.u)
for 20, 60, 80, 100 m] energies, respectively. The signal energies are not saturated until 100 m]
and is observed to increase linearly with incident laser energy, so we can achieve pressure

signals with good strength by simply increasing laser energy up to 100 m].
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Fig. 4.4. Peak pressures and arrival times of ASWs emitted from ablation of Aluminium
sample at 20, 60, 80 and 100 m] energies.

The response of ASWs are different at higher laser energies than the lower energies
[22, 23]. As we increase the incident laser flux the following phenomena takes place, surface
heating without melting, surface melting and vaporization, linear absorption (ablation), non-
linear absorption (ablation), highly dense plasma formation and plasma shielding [21]. These
phenomena can be observed through acoustic studies. Change in laser energy affects the
plasma properties such as plasma temperature, density and plasma expansion with respect to
surrounding atmosphere [24].
The measurements of both —ve and +ve portions of ASW signal are different at various
experimental conditions, so these give the distribution of information regarding LIB of
medium. As the laser energy increases the change in plasma parameters affects the associated

acoustic emissions, these changes are represented by peak heights (pressure) and widths of
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ASWs. Heights of both +ve and —ve peaks were plotted at various laser energies, shown in fig
4.5. The rate of rise in +ve height is less compare with that of the —ve peak. The height
difference is considerable between —ve and +ve parts at any particular laser energy, as
presented in fig. 4.5. The —ve peak height varies from 2.23 to 4.46 kPa, i.e almost doubled
with increase of input laser energy from 20 to 100 m] by almost five times. While the +ve peak
has varied from 1.44 to 2.26 kPa.

During laser matter interaction, from the conservation of momentum, acoustic signals are
generated both inside [25] the material and into the ambient atmosphere. The generation of
the acoustic signal inside the target sample is due to thermal expansion and momentum
transfer from the ejected particles of the ablated target (plasma) to its surface [26]. Piezo
electric transducers are used to detect these acoustic signals, generated inside the material and
these are in the range of ultra-sonic frequency range. But here we are interested in ASWs and

their properties in ambient atmosphere.

| I -ve peak height nsLIB_Al 4.46

B +ve peak height
linear fit to -ve peak
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Peak height (kPa)
o v

20 40

60 80 100
Energy (mJ)

Fig. 4.5. Peak heights of —ve and +ve portions of ASW signal at 20, 60, 80 and 100 m] of
incident laser energies for the Al target sample. X- Axis is incident laser energy, Y-axis is Peak
height (pressure). The slope of —ve and +ve peak heights are 2.7 and 1.0 X 10-2 respectively as
shown by solid lines.

As shown in fig. 4.6, +ve peak width increases from 14.58 to 21.69 us as energy
increases from 20 to 100 m], respectively. Whereas, the width of —ve portion representing the

pressure generated is almost constant with laser energy. So, increasing laser energy enhances
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the ablation and results in the density fluctuations in surrounding atmosphere resulting in
longer duration of the +ve portion. These density fluctuations are indicated by the +ve peak

width of ASW.
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Fig. 4.6. Peak widths of both positive (+ve) and negative (-ve) portions of ns-LIB of Al
generated ASW. X- Axis is incident laser energy, Y-axis is Peak width. The slopes of —ve and
+ve peaks are -0.08 and 8.9 X102 The slope of —ve peak is almost flat, very close to zero
compare with the +ve peak.

Peak height and width together representing the area under the curve of —ve and +ve
portions are observed to increase continuously with respect to incident laser energy, as
presented in fig. 4.7. The increased rate of area under the curves of both portions is almost
similar. This area under the curve is observed to be comparable with the volume of the crater.
ns laser pulses form the craters [27] and around the crater, corona formation takes place,
depending on the incident laser pulse energy [28]. The liquid phase expulsion and plasma
recondensation [29] together causes the crater corona. Since, the experiment is performed in
ambient air, the recondensation is high. Crater depth may be saturated at higher laser energies,
but the crater volume increases with the increase of laser energy [28]. The area under the curve
of +ve peak representing the ablation efficiency increases linearly with increased input laser

energy.
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Fig. 4.7. Area under both positive (+ve) and negative (-ve) portions of time domain ASW
signal, which is radiated from the ns-LIB of Al target sample. X- Axis is laser energy, Y- axis
is Area under the curve. The slopes of area under the —ve and +ve peaks are 10.2 and 14.9
%102 respectively. Both are having increasing slopes.

The amplitude of the acoustic signal is proportional to the total amount of material
vaporised for each laser pulse [30] when sample is held in a closed chamber. The crater depth
and diameters are associated with the absorption of incident laser energy [27] with increasing
laser energy the amount of laser energy coupled to the target is observed to increase in our
study. From Laser induced breakdown spectroscopy (LIBS) study, the emission signal
increases with the incident fluence, it indicates that the amount of ablated material is increased
[31].

Comparisons of ASW parameters from LIB of metals and alloys at an energy of 20m]:

At a fixed energy of 20 mJ, ASW pressures for ns LIB of Al, Cu, Brass and SS 304 target
samples are shown in fig. 4.8. The produced heat energy at focal point doesn’t transfer to target
surroundings, so target material reaches the boiling point soon and dielectric breakdown will
occur and formation of plasma takes place. Metals with high thermal conductivity (Cu), will
have lower breakdown threshold, large heat dissipation volume, hence irradiated surface gets
vaporized easily. Further laser energy breaks the vapour molecules and forms high temperature

plasma [1].
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After breakdown, the electrons, ions and neutrals will develop with in the plasma. Because of
good thermal conductivity of Cu, the heat generated at focus point is transferred to
surrounding metal rapidly melting and evaporating leading to good amount of material

ablation.
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Fig. 4.8. Peak pressures from ns-LIB of Al, Cu, Brass and SS 316LN at a fixed energy of 20
m]J at 7.5 cm distance of microphone from plasma. Samples are dimensions of 5 cm X 5 cm,
with samples.

Lower thermal conductivity of sample will have higher threshold fluences. In our case,
the supplied laser fluences to sample targets is very high than the threshold values. So, the
question is where the given extra laser energy is going? Is it leading to high ablation rates or
heat radiation or shock pressure conversion?. At high fluence, a high temperature plasma is
formed and more laser energy can be absorbed effectively into the target surface even if the

linear reflectivity is high [31].

Literature reported thermal conductivity [16], electrical conductivity, density [18], melting
point, boiling point of Al, Cu, Brass and SS [19] are used to understand the laser mater

interaction phenomena. It helps to compare the material properties to the ASW parameters.

ASW parameters of LIB of Al, Cu, Brass, SS 316LLN samples at input laser energy of 20 m],

were presented in table 4-2. As presented in table 4-2, peak pressures and —ve peak height
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follows the order, such as brass, Cu, SS, Al. Whereas the +ve peak width representing ablation
following the order Cu > Brass > Al > SS. This is in line with the electrical and thermal

conductivity of the materials that play crucial role in laser absorption and in ablation.

Table 4-2. ASW parameters of Al, Cu, Brass and SS316LLN samples at a fixed energy of 20m].

Signal - + - +

Peak-peak | Arrival 1ena ve ve ve Ve

Sample Pressure time energy peak peak peak peak
P (k Pa) ) (X 10%) | height | height | width | width

a s

# a.u (kPa) | (kPa) | (us) (us)

Al 3.67 218.8 2.8 2.23 1.44 7.48 14.58
Cu 4.42 220.5 3.57 2.69 1.73 7.8 20.49
Brass 4.46 219.9 3.4 2.72 1.74 7.63 15.82
SS316 4.1 223 3.66 2.35 1.76 7.33 12.74

Thermal conductivities of SS3161LN, brass, Al and Cu are 16.2, 111, 204 and 386 W/m K.
Melting points of Al, Cu, Brass and SS316IN are 933, 1356, 1170-1210 and 1645-1670 K.
Arrival time is directly following the order of melting point of conductors, i.e
SS>Cu>Brass>Al. while the other parameters of Es, -ve peak height are not following any
specific property. Melting of the material being the first process during laser ablation of the

materials the melting point has direct correlation to A..

If we consider only pure metals such as Al, Cu then order of all properties of metals follows
the every ASW parameter order. Thermal conductivity, electrical conductivity, density, melting
point, boiling point are high for Cu when compare with the Al. As presented in table 4-2, all
acoustic parameters are high for Cu than the Al. However, any property of material alone is

not effecting ASW parameters, but collectively effects the ablation [15].

Apart from the possible mechanisms discussed in chapter 1, photo chemical mechanism is
contrast to photo thermal mechanism which is caused due to longer pulse duration [32].
Ablation rates has great scope in bio research also [33, 34] . Here we are trying to understand
the ablation rates by studying acoustic parameters. The delay in arrival time of acoustic wave
w.r.t laser pulse helps to estimate the ablation rate [35] more precisely when a PZT is used.
The rate of ablation is not always linear to incident laser flux, after a particular flux, ablation
varies rapidly then saturates [35]. In our experiments also such a saturation is observed at very

high input laser energies.
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4.1.2 Alloys

As the incident laser energy increases the peak to peak pressures also increases in both
of alloys such as Brass and Stain less steel (SS 304). Comparatively, LIB of Brass has ASW
pressures and higher area under the curve than the SS304 at higher energies whereas at 10 m]

SS has the more pressure than the Brass.

With increasing laser energy Brass and SS have shown different Py-Pi pressures and the
evolution of +ve part of acoustic signal. This is in tune with the fact that the acoustic signals
indicates the rise in ablation rate [9]. The laser parameters such as spot size, laser fluence and
material properties such as target thickness, effects the ablation of material. With increasing

laser energy, the ASW parameters increase linearly but with different slopes.

Table 4-3. Area under the -ve and +ve portions of ASW signal for both Brass and SS at

various laser energies.

Energy Brass SS
(m)) Area under Area under Area under Area under
—ve part X 10¢ | +ve part X 10-6 | —ve part X 10¢ | +ve part X 10-6

10 10 13.26 9.89 13.5
25 11.97 14.53 10.9 13.8
40 12.79 14.6 13.58 15.94
70 18.32 21.31 16.64 18.5

100 21.36 24.43 18.5 16.13

As the energy increases, the areas under the both —ve and +ve portions increases for both
Brass and S§, as shown in table 4-3. At 10 m] of energy, Brass and SS have same areas of both
—ve (10) and +ve (9.89) parts. The difference starts from 25 m] and continues till 100 m]. The
difference in these areas indicates the different ablation rates under same experimental

conditions.
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Fig. 4.9. Peak-peak pressures of ASWs emitted from the ns-LIB of Brass and SS 304 solid
target samples at 10, 25, 40, 55, 70 and 100 m] of laser energies per pulse. The slopes of Brass
and SS304 peak pressures are 4.1, 2.9 X 102 respectively. Both materials are having increasing
slopes.

4.1.3 Dielectrics

In this section we present the ASW parameters from dielectrics Mica, ZrSnTiOq,
LiNbOs. First we will see the ASW parameters from LIB of Mica as the incident laser energy
increases. The thickness layer having k! (inverse of absorption coefficient of a dielectric
material) is heated and vaporized due to leading edge of laser pulse. Trailing edge of laser pulse

will lead to partially ionized hot vapour [17].

As the laser energy increases from 10 to 100 mJ, the peak pressures increases from 4.37 to 7.8
kPa, the arrival time decreases from 230.5 ps to 222.9 us, the acoustic pulse width increased
from 21.1 to 34.89 us and the signal energy increases from 3.63 to 13.4 (a.u). The sum of —ve
and +ve peak pulse width is the total acoustic pulse width. The linear fit to arrival time shows
the slope of -0.11. The peak pressures and acoustic pulse width are fitted to a linear equation
with different slopes, shown in fig. 4.10. The slopes are 0.038 for peak pressure and 0.15 for
acoustic pulse width. The signal energy is directly proportional to the square of the pressure

[36]. The slope of linear fit to signal energy is 0.11.
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Fig. 4.10. Time domain signals of ns-LIB of Mica generated ASW's at various laser energies of
10, 25, 40, 55, 70 and 100 m].

The response of ASW parameters follows the same trend with respect to incident laser

energy for all dielectrics. The only difference is with the acoustic parameters for various target

samples under fixed experimental conditions, as shown in table 4-4.
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Fig. 4.11. Peak pressures and acoustic shock wave pulse width w.r.t incident laser energy for
Mica target sample. The linear fit for data is indicated with a line. The slopes are 0.038, 0.15.

Mica has more peak pressure than the ZrSnTiO4 and LiNbOs. Signal energy and —ve
peak height follows the peak pressure order. +ve peak width is high for LiNbOj than the

remaining two. FWHM values do not follows the trend of peak pressure and +ve peak width.

Table 4-4 indicates that at a fixed energy the variation in ASW parameters are a function of
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other material properties also. For dielectrics, melting point and arrival time follow the same

order as observed for metal/ alloy presented in table 4.1

Table 4-4. ASW parameters from LIB of dielectrics at 25 m] of laser energy.

Signal -ve +ve -ve +ve | FWHM
Peak | Arrival
energy | peak | peak | peak | peak | of-ve
(X10-5) | height | height | width | width | peak
au | (kPa) | (kPa) | (us) | (us) | (us)

Mica 5.2 228.8 5.17 3.24 1.95 7.66 17.23 3.86

Sample | pressure | time

(Pa) | (us)

2:SnTiO4 4.45 234.14 4.06 2.77 1.67 7.42 16.68 3.88

LiNbO3 4.39 227.8 3.26 2.69 1.7 7.33 17.8 3.84

4.1.4 Insulators
The insulators we have studied are PVC, Teflon, Alumina and Naphthalene. With
increasing incident laser energy, the variation in ASW parameters of LIB of PVC is presented

in fig. 4.12. As we increase the laser energy, the acoustic pressures from PVC are increasing

from 3.5 to 7.83 kPa.
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Fig. 4.12. Laser energy vs peak pressure and acoustic pulse width for LIB of PVC sample. The
slopes are 0.045, 0.19 for peak pressure and acoustic pulse width respectively. Data is fitted to

linear equation.
This indicates that there is good conservation of optical energy into acoustic energy.
As we have seen in dielectrics, the —ve peak width and +ve peak height are varying differently

with laser energy. Amplitude of +ve peak and +ve peak width (duration) changes from one

sample to another [37], which indicates that ablation is different for different samples. The
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mass removed per pulse is proportional to the incident laser energy [38]. Whereas, the +ve
peak width increasing from 11.68 to 27.28 us and —ve peak height also increases from 1.86 to
5.65 kPa. Increments in ASW parameters such as peak pressure, acoustic pulse width are
shown in fig. 4.12. As the laser energy increases the arrival time decreases from 234.8 to 223.7
us, with a slope of the value -0.11. The slope for linear fit of signal energy is 0.12. The signal

energy varied from 2.03 to 12.77 X10- (a.u) by almost six times with laser energy.

Table 4-5. ASW parameters from LIB of insulators at 10 m] of laser energy.

Signal -ve tve -ve +ve FWHM
energy | peak | peak | peak | peak of —ve
(x 10-5) height | height | width | width peak

Peak | Arrival

Sample | pressure | time

kPa
(P sy | (kPa) | (kPa) | (us) | (us) (ns)
PVC 349 | 2348 | 203 | 1.86 | 1.61 | 6.85 | 11.68 | 3.69
Teflon | 435 | 2315 | 312 | 25 | 184 | 717 | 1439 | 3.76

Alumina 3.46 234.7 2.15 1.81 1.65 6.8 11.23 3.66

Naphalene 4.24 232.6 3.28 2.55 1.69 7.25 15.78 3.86

At the laser energy of 25 m], the ASWs parameters of insulators were tabulated in table 4-6.

Table 4-6. ASW parameters from ns- LIB of insulators at 25 m] of laser energy.

Arfival Sigl’lal -ve +ve -ve +ve FWHM
S ) Pressure ) energy | peak peak peak peak ]
t . . —
ample (Pa) ime (% 10 height | height | width | width p:ak ‘(T:s)
(M) | au | KPa) | (Pa) | (s) | (ns)
PVC 4.9 231 4.32 2.95 1.95 7.33 15.38 3.81
Teflon 4.99 229.7 4.54 3.13 1.85 7.42 17.08 3.86
Alumina 4.81 228.6 5.99 3.39 1.99 7.36 17.99 3.85
Naphalene 4.74 230.1 4.41 2.94 1.8 7.54 16.87 3.91

At a particular energy of 100 m] the ASWs from the LIB of all insulators are presented
in table 4-7. PVC and Teflon have almost the same pressure, arrival time, signal energy, -ve

peak height, FWHM and +ve peak width.

69



ASW emissions from LIB of various materials

At higher laser energies, most of the ASW parameters are not changed considerably. It may be

due to the saturation of parameters and the ablation.

Table 4-7. ASW parameters from LIB of insulators at 100 m] of laser energy.

Signal | -ve +ve -ve +ve | FWHM
Arrival
Pressure energy | peak | peak | peak | peak | of-ve
Sample time
(kPa) ) (x 10-5) | height | height | width | width | peak
us
au | (kPa) | (kPa) | (us) | (us) | (us)
PVC 7.83 2237 | 1277 5.65 2.18 7.86 | 27.28 3.96
Teflon 7.83 2232 | 1275 5.67 2.17 7.73 | 26.63 3.97
Alumina 7.34 223.62 12 5.07 2.27 7.94 21.2 3.91
Naphthalene 7.19 224.7 10.9 5.03 2.16 793 | 24.39 4.03

The trend of variation in ASW parameters at higher energies (100 m]) is not following
the same order as that of lower energies (10, 25 m}), it can be noticed in table 4-5, 4-6, 4-7. If
the threshold intensity is lower for a material, then its acoustic signal is more energetic at a

laser intensity [39].

The ASW parameters of various materials are different, it indicates the material properties
plays a role in ablation. So, here our aim is to find out why these ASW parameters are changing
w.r.t energy. The acoustic signal emitted from the laser matter interaction can be helpful for
remote chemical detection [40]. Detection of material from long range depends on the incident

laser wavelength, material properties and it needs more theoretical and experimental studies.

Free carriers on the surface will be relatively higher for metals/conductors/alloys and
dielectrics compared to insulators. The leading edge of the laser pulse interacts with the surface
triggering the generation of free electrons which lead to melting and vaporisation of the
material. Hence, in the case of metals/alloys, dielectrics the atrival time of the shock wave and
melting point have shown a nice correlation at the input laser energies used in our studies. The
relatively larger thermal and electrical conductivities will lead to faster ablation rate. While in
insulators the threshold to create the initial free electrons is higher and lower thermal, electrical
conductivities will not lead to a rapid ablation and expansion of the plasma resulting in a
saturation of the acoustic parameters. Tables 4-5, 4-6, 4-7 shows the acoustic parameters from

insulators at input laser energies of 10, 25 and 100 m] per pulse respectively. At lower input
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energies of 10 m]J, though there is a slight variation in peak-peak pressures, with increasing
laser energies the A, Py are almost similar. The peak width is continuously increasing and the
arrival time has reduced with laser energy as expected. The explicit dependence of the martial

properties on the ASW were not obvious in insulators with ns-LIB.

4.1.5 Cu powders

We extended our work from bulk materials to powders of different particle sizes,
compacted into pellets of different densities. Copper powders of four different average sizes
(2, 15, 40, 420 microns) compacted into pellets of three different packing densities are studied.
The aim of this study is used to understand the effect of packing density and particle sizes on

acoustic shock waves (ASW).
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Fig. 4.13. SEM images of copper powders and their corresponding particle size distribution
fits.
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The effect of particle size on ASW has been reported in the literature. The ablated
particles expected to be of nanometer sizes from a bulk target are reported to lead to phase
explosion during ns to psec time scale [41]. Vatious sizes of liquid droplets/ aerosols formed
using nanoparticles have shown a spectrum shifted towards lower acoustic frequencies with
varying ratio of +ve and —ve peak amplitudes and ration of +ve and —ve pulse widths [42, 43].
Our attempt is to study the effect of solid particles of different sizes and packing on the ASW
from ns-LIB.

By changing the surface structure of the target sample, the resultant laser matter interaction
will change in terms of amount of laser energy coupled to the target and it leads to the variation
in the properties of emissions from the LIB. Surface area of sample formed due to the smaller
particles is four orders greater than the bulk sample. It results in more laser energy transfer to
the sample during laser matter interaction. Copper powders with range of particle sizes 2-420
micron were procured from the Sigma Aldrich (company). The images of powder particles
taken using SEM (scanning electron microscope) to confirm the size distribution. Results were
presented in fig. 4.12. From each SEM image, we have taken the average of particle size and

those are 2, 15, 40 and 420 micron, shown in fig. 4.13.

Fig. 4.14. SEM images of copper samples heat treated at 600°C.

The powders of different particle sizes were made into pellets of 3 cm square shape at
applied pressures range of 55- 165 MPa. The heat treatment to these pellets below the melting

point temperature (1085° C) will increase the mechanical properties. Each set of samples (2,
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15, 40 and 420 micron) were heated at various temperatures of 400°C, 500°C and 600°C at a
heating rate of 30°C/min. The SEM images of copper target samples of four particle sizes at
a temperature of 600°C is, shown in fig 4.14. Heat treatment to samples, causes no grain

growth, changes in its original mechanical properties.

Here we have used four distinct particle sizes with three different packing densities (12
samples) for ns-LIB experiments. We applied pressure and heat treatment to vary the density
of pellets. The heat treated sample packing density is estimated by using well known

Archimedes technique, these are presented in table 4-8.

Table 4-8. Pressure and temperature used to prepare the compacts.

(60%2) % of (70%2) % of (80%2) % of
Particle theoretical density theoretical density theoretical density
size
(um) Temperature | procoure | Temperature | po.co oo | Temperature | poocce
(°C) (MPa) C) (MPa) (°C) (MPa)
2 500 55 500 165 600 165
15 400 165 500 110 600 110
40 400 110 500 55 600 55
425 400 55 400 165 500 165

As shown in table 4-8, we made pellets of copper powders with three different packing
densities (60%, 70%, and 80%) for four particle sizes such as 2, 15, 40, 420 micron. Sample
processing and details of making pellets are presented elsewhere [18]. This study was used to
understand the effect of incident laser energy, packing density and particle sizes on acoustic
shock waves (ASW). At a particular packing density of 60, 70 and 80 %, as the incident laser
energy increases from 10 to 70 m], the peak to peak ASW pressures are increasing for each
particle sizes of 2, 15, 40 and 420 micron, shown in fig 4.15. At all packing densities, the
increment in peak pressures w.r.t laser energy indicates that the energy conversion from optical

to acoustical is also increasing.
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Fig. 4.15. Incident laser energy vs peak pressures for 2, 15, 40 and 420 micron size particles.
At three packing densities of 60, 70 and 80 %, peak pressures are plotted for 10, 25, 40, 55 and
70 m] laser energies. The pressures are increased w.r.t incident laser energy.

We focused on 2 and 420 micron particle sizes in further analysis, because 2 micron
particle is too smaller than 50 um, typical grain size of a metal and pellets made of 420 pm size
are treated as equivalent to bulk target as both the grain size (50 pm) as well as laser focal spot
size (=150 pm) on pellet surface are smaller than that of the powder size. The variation in
peak pressures of these ns-LIB of two particle sizes gives a fair idea of particle size dependence
on ASW. For pellets of 2 um size particles at a laser energy of 10 m]J, the peak pressures are
3.87, 4.05, 4.12 kPa at three packing densities of 60, 70, and 80 % respectively, shown in fig.
4.16. Similarly, at 40, 70 m] of laser energies, the peak pressures are different at three packing
densities. Even though the pressures values are different at three packing densities for a
particular laser energy, they are following a trend of higher packing density giving more peak

pressure than the lower one.
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Fig. 4.16. Packing density vs peak pressures for 2 micron size particles at 10, 40 and 70 m] of
laser energies.

For 420 micron particle size, the peak to peak pressures are different at three packing

densities. Packing density of 70% has more peak pressure than the 60 % for 10, 40 m] laser
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energies whereas 80 % packing density shows higher value than the remaining densities at 70

m].
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Fig. 4.17. Packing density vs peak pressures for 420 micron size particles at 10, 40 and 70 m]

of laser energies.

From fig. 4.15, 4.16, at 60%, 70% and 80% packing densities the peak pressures are

different for both 2, 420 micron particle sizes.

In order to show the effect of particles size, we have taken the ratio of +ve peak width and
-ve peak height of a ASWs for 2, 420 micron particle sizes at all energies and packing densities.
At each packing density, the ratio of +ve peak width and —ve peak height (PW/NH) are distinct

for a particular laser energy.
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Fig. 4.18. Packing density vs ratio of +ve peak width and —ve peak height for 2, 420 um particle
sizes for the laser energies of 40, 55, 70 m]. At each packing density, the 420 p particle size
having higher value of ratio than the 2 p except 80 % packing density and laser energy of 70
m]J. Units of ratio is (usec/kPa), error is absolute value.

At an energy of 40 m], the ratio values (PW/NH) for 2, 420 um are 5.11, 7.27 for a
packing density of 60 %. The ratio value (PW/NH) is greater for 420 um particle size. For 55,
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70 m] laser energies, ratio value of 420 um particle size is higher than the 2 um for the packing
densities of 60%, 70%, 80%. For three packing densities and three laser energies the function
of particle size on ratio of +ve peak width and —ve peak height (PW/NH) presented in fig
4.18.

For twenty individual laser shots, acoustic data was collected and we calculated the error from
the measurements. From this fig. 4.18, we can say that, particle size and packing density effect

is clearly presented in ASW parameters.

At lower laser energies, such as 10, 25 m]J also the ratio values are distinct for 2, 425 um particle
sizes for all packing densities. At 25 mJ, for 60% packing density, the ratio values for 2, 420
um are 5.55, 4.87 whereas for 80% packing density, the values are 5.03, 5.38 respectively. This
is different from the case of higher laser energies such as 40, 55, 70 mJ. These values are clearly

tabulated in table 4-9.

Table 4-9. At 10, 25 m] laser energies, the ratio of +ve peak width and -ve peak height for the
packing densities of 60, 70, 80%.

Packing density
Particle size 10m] 25 m]
60% 70% 80% 60% 70% 80%
2 5.55 4.63 5.2 5.55 4.72 5.03
425 5.54 5.05 5.03 4.87 4.69 5.38

4.1.6 Comparison among various materials

The time domain signals of ASWs, which are emitted from the ns-LIB of Brass, Teflon,
Mica, PVC at 10 and 40 m] of laser energy are presented in fig 4.19. It helps to see the

difference in samples at a fixed experimental conditions.

Even though laser energy is the same 10 m], the width of +ve peaks are different for samples.
As we increase the laser energy, the ablation increases with which the plasma species will also
increase and resultant shock pressure and density rises. The difference in +ve peak widths of

sample signals is clearly visible in fig. 4.19.
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Fig. 4.19. The time domain signals of ASWs emitted from the ns-LIB of Brass, Teflon, Mica,
PVC at 10 and 40 m] of incident laser energies.

The +ve peak widths of samples at 40 m] are higher than the 10 m] values, presented
in table 4-10. This clearly indicates that the acoustic signals do represent the different ablation
rates of different materials.

Table 4-10. +ve peak lengths of ASWs emitted from ns-LIB of Brass, Teflon, Mica and PVC
samples at 10 and 40 m] of laser energies are presented in this table.

+ve peak length (us)
Sample
10 m] 40 m]
Brass 15.4 16.7
Teflon 14.4 21.2
Mica 14 18.8
PVC 11.9 20.1

4.1.7 Frequency analysis

From the time domain signals the frequency distribution of the emitted acoustic signals
are obtained by applying Fast Fourier Transform (FFT) [22, 39] as explained in Chapter 2. The
FFT of ASW signal gives the spectrum consisting of few number of peaks. Fig 4.20 shows the
evolution of dominant frequencies of brass with varying laser pulse energy. The frequencies

are observed to be in the ultrasonic range.
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Fig. 4.20. Spectral distribution of ASW emitted from the ns LIB of Brass target at various
laser energies. X- Frequency, Y-laser energy and Z- power spectral density (PSD).

At 10 m] of laser energy, only two frequency peaks with different power spectral
density (PSD) values are observed in spectrum. At 40 m] of laser energy, a third peak around
120 kHz has appeared. With increasing energy up to 70 m] the third peak has become
dominant. At 100 mJ, fourth peak at ~ 140 kHz is observed, shown in fig. 4.20. The spectral
features mainly are the function of laser intensity [39]. Energy carried by ASW increases with
incident laser energy, under fixed experimental conditions for all samples. Observed frequency
peaks are fitted to a Lorentzian function to extract the central peaks and the full width at half
maximum, shown in fig. 4.21(a). The fitting parameters are central frequency, peak width, area
under the curve and height of the peak. One of these fitting parameters, central frequency of
peak 1, 2, 3 are plotted at various laser energies for brass sample, are shown in fig. 4.21(b).
Peak 1 is the frequency which has highest PSD in spectrum, peak 2 is the second highest
frequency in spectrum. It is also observed that the observed peaks are not the harmonics of

the fundamental frequency (peak with highest PSD).
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Fig. 4.21. (a) Lorentzian fitting for spectral peaks of ns LIB of Brass spectrums. X- Axis is
frequency, Y-axis is power spectral density (PSD), (b) central frequencies of peak 1, 2, 3 with
respect to incident laser energy.

As the laser energy increases, the frequency moves towards the lower frequency side
(audible range) with increasing amplitude. The maximum frequency (f..) [44] in the acoustic

spectrum is a function of plasma parameters:

c 1 1

f = =
4, 2r, Aty

where ¢ is velocity of sound in ambient atmosphere, 7, is radius of the plasma plume in the

high pressure region, 7, is duration of acoustic pulse and 7+ = 7,/2 is the duration of its
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positive half period. The frequency of the acoustic spectrum is reported to be inversely
proportional to the radius of the plasma [45]. The number of peaks and their characteristics

(central frequency, peak width and amplitude) are observed to be material dependent.

For 70 m] of laser energy, the spectrum of ASW consists of three different frequency
components. The Lorentzian fitting of the observed frequencies is presented in fig 4.21(a).
The central frequencies of peak 1, 2 and 3 are plotted in fig 4.21(b) against the incident laser
energy. The central frequency of the observed peak is found to move towards lower frequency
with increasing laser energy. The peak 1 is observed to vary from 42 to 27 kHz, peak 2 from
95 to 71 kHz and peak3 from 108 to 106 kHz as shown in fig 4.21 (b).

LIB of materials is a unique reproducible source of high power wide band acoustic frequencies
[44]. The spectral analysis of the acoustic signals helps in the real-time diagnosis of the laser
spark parameters. In order to understand the significance of the material parameters, the
frequency components of the acoustic signals for all the category of materials is compared

under similar experimental conditions (laser energy and focusing geometry).

The central frequency obtained from Lorentzian fittings of peak 1 and peak 2 are plotted w.r.t
samples and their PSD values. The two peaks (peakl and peak2) observed at all input laser

energies have shown distinct frequency features.

The central frequencies, their widths and the ratio of these two parameters of the
corresponding peaks of the acoustic spectrum obtained at an input laser energy of 25 m]J are

tabulated in table 4-11 for comparison.

In case of the peak 1 frequencies, for all samples the frequency spread is all over 22.4 to 48.76
kHz. Though some frequency components are closer to each other, their PSD values are
different. This shows the role of material properties in the acoustic emissions which can be
used to distinguish the materials. Peak 2 frequencies are varied from 51.95 to 96.82 kHz for all
the samples. These peakl and peak? frequencies w.r.t their power spectral densities (PSD) for

all the samples are shown in fig. 4.22.
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Table 4-11. At 25 m] laser energy, the Lorentz fitted central frequency, spectral width and

their ratios for all the samples.

Peak 1 Peak 2
Central Width Central Width
Samples
frequency (kHz) Awi/ w1 frequency (kHz) | Aw2/w2;
(kHz) (w1) (Aw1) (kHz) (»2) (Aw2)
Brass 31.69 25.57 0.807 91.40 67.66 0.740
SS 48.76 22.24 0.456 96.82 17.01 0.176
Alumina 90 34.96 20.09 0.575 70.32 17.50 0.249
Alumina 99 35.10 17.95 0.511 68.15 13.23 0.194
PVC 43.32 40.21 0.928 95.71 22.81 0.238
Teflon 35.78 31.24 0.873 93.01 79.37 0.853
Mica 35.44 18.45 0.521 70.89 121.48 1.714
Z1SnTiO4 35.41 20.52 0.580 89.97 30.70 0.341
LiNbO3 25.71 18.87 0.734 95.43 89.54 0.938
BaTiO3 22.48 18.95 0.843 78.62 33.89 0.431
Al 38.53 17.21 0.447 51.95 12.37 0.238
Cu 30.62 19.56 0.639 66.68 18.27 0.274
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Fig. 4.22. Lorentz fitted peakl and 2 frequencies due to ns LIB of material samples with their

PSD values are plotted for all the samples at a fixed energy of 25 m]. Each colour sphere is a

data point. (a) Peak 1, (b) peak 2 frequencies vs their corresponding PSDs.

For some of the samples peak 3, 4 have also appeared, which are not presented in this

plot. Of all the materials Mica has highest PSD for peak 1 whereas Teflon has the highest PSD
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for peak 2. In case of peak 2 frequencies, except Al all other samples have a peak after 60 kHz
frequency with different PSDs. From fig 4.22 we can observe that the studied insulators and
dielectrics can be separated with respect to each other. However, the conductors appear to

have acoustic signals spread across wide frequency range.

From fig 4.22 (b), the peak 2 of all the conductor samples studied is fairly localized closer to
90-100 kHz; while the frequencies corresponding to dielectrics and insulators are widely
spread. Between the dielectrics and insulators, insulators have higher PSD values. Though the
present data cannot clearly classify different categories of materials, but points towards the
need for better algorithms and more parameters to classify the materials analogous to standard

LIBS.
Frequency analysis of Cu powders

FFT of time domain signal gives the acoustic spectrums of that corresponding signal.
Frequency analysis gives the information which is hidden in time domain. In time domain, as
the peak - peak pressure increases with the laser energy, the amplitude of frequency spectrum

increases with laser energy, shown in fig. 4.23.
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Fig. 4.23. Frequency spectrums of ASWs emitted from the ns-LIB of Cu powder pallet of 2

u particle size. At various laser energies of 10, 25, 40, 55 and 70 m] at a fixed packing density
60% and 2 micron particle size.

For a particle size of 2 pm and packing density of 60%, the spectral peak shifts towards

the lower frequency side and rises in its amplitude (PSD) as the incident laser energy increases

82



ASW emissions from LIB of various materials

from 10 to 70 m], shown in fig. 4.18 At lower energies, the acoustic frequency spectrum is
broader whereas at higher laser energies, the acoustic spectrum becomes narrower with higher
amplitude. The same shifting of peak frequency to audible range w.r.t incident laser energy is
observed for remaining packing densities also such as 70 % and 80%. Along with peak 1
frequency, secondary frequency peaks also increase in their amplitudes w.r.t laser energy. At
10 m] the peak frequency is 68.36 kHz with an amplitude of 2.79 X 106 V2/Hz whereas at 70
m] it is 20 kHz with 4.36 X 106 V2/Hz amplitude. We have observed a similar shifting of peak
frequency with laser energy in LIB of air and various materials (presented in chapter 3). At all

packing densities of materials as the laser energy increases, the spectrum shifts towards lower

side.
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Fig. 4.24. The frequency responses of ASWs from 60, 70, 80 % dense copper pallets at 40, 55,
70 m] of laser energies for a 2 micron size particles. Amplitude of PSD is maximum for 80%
dense cu pallets than the 60, 70% dense.

At 40, 55, 70 m] of laser energies, the 80% dense copper pellets shows maximum PSD
than the 70%, 60% dense, as shown in fig. 4.24.

4.2 pico second LIB

The ns and ps-LIB both have their own advantages and disadvantages, which find
relevant applications in fields, like material processing, analytical chemistry, LIBs etc.
Generally ns laser pulses were used in LIBS studies, due to its reheating phenomena that leads
to higher temperature plasma. Whereas in material drilling and processing, ps or shorter lasers
were used, because of its ablation quality and less thermal damage than the ns LIB. Lower
pulse widths generate high peak intensities, leading to non-linear multi-photon absorption

process. Ultrashort pulse laser ablation mechanism is used to understand phase explosion
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model, in which extreme pressures, densities and temperatures rise up and ionized species
comes out with greater velocities [15] along with a shock wave. The schematic of interaction

of ultrashort laser pulse with material is presented in fig. 4.25.

ultrashort
laser pulse
plasma £ E
vapor
Vi =

shock wave ~ 7 droplet

9 overheated liquid
.-/

Fig. 4.25. Schematic of interaction of ultrashort pulse with material [15].

After detachment from plasma, shockwave propagates with supersonic velocity [36, 46] in to
the surrounding atmosphere. Behind the shock wave, the density is more than the normal
density of the medium. The shock wave and the ejected particles both together influence the
density of surrounding medium and it is reflected in the microphone response. So, the
parameters of ASW are used to study the ablation rate qualitatively [21]. At higher laser
energies, the generated acoustic shock waves have high pressures and travel with higher speeds
than the normal sound.

Both thermal and non-thermal mechanisms exist in pico second (ps) LIB [1010 - 1013 W/cm?]
[3]. For ps and fs laser pulses interaction with matter, there exist no reheating of the plasma as
in the case of ns pulse [47]. During ps laser pulse induced breakdown the ejected particles will
be less compared to the ns ablation. In ultrafast laser pulse (<2 ps) matter interaction, there is
no time for thermal interaction and the electronic phenomena are dominant. The ASWs from
samples studied in section 4.1 using ns-LIB are studied with ps-LIB and the following sections

describe the ASW from them.

84



ASW emissions from LIB of various materials

4.2.1 Conductors

All the experiments are done in ambient air medium, no buffer gases were used. The
influence of buffer gas on the ablation rates is well studied [48]. As mentioned earlier, LIB of
material generates acoustic emissions. ASW studies indirectly indicate that the properties of
the plasma and laser-matter interaction. The physical properties of the materials studied are
tabulated in table 4-1. These will help to correlate the ASW properties with the material
characteristic properties. In this section, 30 ps laser pulses are irradiate on Al, Cu, Brass and

SS 316 LN target samples.

The ASW parameters were plotted against the incident laser energy for different conductor
samples. Here we can see the effect of material and laser energy on ASWs. The properties of
metals (Al, Cu) and alloys (Brass, SS) are compared in fig. 4.26 respectively. The pressures and

arrival times are distinct for Al and Cu samples at different laser energies.
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Fig. 4.26. Pressures and arrival times for Al and Cu samples, at various input energies of
0,12,18,24 and 30 m]. The slopes of peak pressures for Al, Cu samples are 0.068, 0.065
respectively. The slopes of arrival times for Al, Cu samples are -0.24, -0.20 respectively.

As laser energy increases, the peak-peak pressure (Pi) increases and arrival time (or
transit time) [1] decreases. Decrease in arrival time at a fixed distance of microphone indicates
the rise in ASW velocity. The Py pressures and arrival times at 24 m] for Al and Cu samples
are 3.67, 3.81 kPa and 233.7, 234.2 us respectively. The density of Cu (8.96 g/cm?) is more
than the density of Al (2.7 g/cm?). The melting points of Cu>Al Under same experimental
conditions the A; for Cu = Al with increasing input laser energy. For brass (combination of
Cu and Zinc) and SS-304 (combination of Fe, Ni, Cr etc.), the pressures and arrival times are

3.81, 3.73 kPa and 232.9, 231.6 us respectively at 24 m] of energy.
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Fig. 4.27. Peak to peak pressures and arrival times for Brass and SS 304 at 6, 12 and 24 m] of
laser energies. The slopes of peak pressures for Brass, SS304 samples are 0.072, 0.075
respectively. The slopes of arrival times for Brass, SS304 samples are -0.206, -0.22 respectively.

From fig. 4.27 we can see the difference between pure metals and alloys. For
conductors the ASW pressures are increasing linearly with input energy with almost a constant
slope of 0.07£0.005. The arrival time of ASWs from pure metals is slightly faster than the

alloys while the peak pressures are slightly lower.

These acoustic pressures generated by ps LIB are less when compared with the ns-LIB of
same materials. ns-LIB of Al at 20 m] produces the 3.67 kPa pressure whereas ps-LIB of Al
produces 3.67 kPa at 24 m] of laser energy. For long laser pulses (nano second), the trailing
edge of pulse interacts with the medium ablated by the leading of the same laser pulse. It causes
the plasma reheating, resulting in a rise in plasma species. In ps-LIB, the time for reheating to
form plasma is less. Hence, in ps-LIB, less thermal energy is dissipated in the target, ablation
is more efficient [26]. Hence, between ns & ps pulse LIB, the electron and ion number density
ne and n; will be completely different. The dynamics of n. and n; will play a crucial role in ASW.
So, we can expect the variation in ASW parameters between ns and ps LIB of same target

sample.

Now we move on to understand the acoustic signatures of acoustic pulse width, signal energy
and their relevance to ps ablation. First we focus on one pure material, then we can extend to
other materials. The ASW signals from ps LIB of Al at various laser energies are shown fig.
4.28 (a). Increasing laser energy causes the increment in Py pressure of overall signal. Here the
noticeable point is that, the contribution of —ve and +ve peak pressures are different to total

Py pressure at different energies.
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Fig. 4.28 (b) indicates that with increasing laser energy, the height of the —ve peak is increasing
more rapidly than the height of the +ve peak. This rise is much faster compared to the ns-LIB.
This clearly indicates that the ablation due to ns and ps laser pulses can be distinguished using

acoustic signals.
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Fig. 4.28. For Al sample, (a) comparison of ASW signals, (b) +ve and -ve peak heights w.r.t
incident laser energy. The slopes of +ve and —ve peak heights are 0.012 and 0.056 respectively.

For a particle size of 2 um and packing density of 60%, the spectral peak shifts towards
the lower frequency side and rises in its amplitude (PSD) as the incident laser energy increases
from 10 to 70 mJ, shown in fig. 4.18 At lower energies, the acoustic frequency spectrum is

broader whereas at higher laser energies, the acoustic spectrum becomes narrower with higher
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amplitude. The same shifting of peak frequency to audible range w.r.t incident laser energy is
observed for remaining packing densities also such as 70 % and 80%. Along with peak 1
frequency, secondary frequency peaks also increase in their amplitudes w.r.t laser energy. At
10 m] the peak frequency is 68.36 kHz with an amplitude of 2.79 X 106 V2/Hz whereas at 70
m] it is 20 kHz with 4.36 X 10 V2/Hz amplitude. We have obsetved a similar shifting of peak
frequency with laser energy in LIB of air and various materials (presented in chapter 3). At all
packing densities of materials as the laser energy increases, the spectrum shifts towards lower

side.

As shown in fig. 4.28, the signals at various laser energies, the +ve peak height is rising slowly,
whereas the —ve peak height is increasing rapidly. At lower energies the +ve peak height is
greater than the —ve peak height. As laser energy increases, the —ve peak height is gradually
increasing and finally it overcomes the +ve peak height. Increase in —ve peak pressures
(heights) represents rise in shock pressures. It indicates that there is a good converstion of

incident laser energy in to acoustic energy. For Al target sample it is clearly shown in fig 4.28.
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Fig. 4.29. (a) The ASW signals from Al target at various incident laser energies of 6,12,18,24
and 30 m]. Highlighted circles and boxes indicates the changes in signals due to variation in
laser ablation. (b) The slopes of +ve and —ve peak widths are 0.53 and 0.03 respectively.

Along with peak heights, peak widths (different from the total acoustic pulse width) of
both +ve and —ve are also presented in fig. 4.29 (b). As the laser energy increases, the +ve peak
width is increasing than the —ve peak width. These peak parameters helps to understand the
laser matter interaction. Fluctuations in +ve peak represents the density fluctuations in
surrounding medium [49] created by ablative plasma. The elongation or stretch in +ve peak of

ASW represents the ablation efficiency [49].
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Laser matter interaction is different at various laser energies for same set of samples, due to
changes in material ablation. Here, observation is focused on the width of positive peak, shown
in fig. 4.29. At 6 m] of energy, there is no distortion in +ve portion of signal. At 12 m] of laser
energy, distortion or stretch has initiated, clearly shown in fig. 4.29. As the energy is increasing
from 18 to 30 m] the acoustic +ve peak width is increasing. The length of stretch in positive
peak provides the duration of ablated matter in a given ambient atmosphere. As incident laser
energy increases, there is change in laser-matter interaction, it is causing the distortions in ASW

signals, shown in fig. 4.29 (a).

4.2.2 Comparison of ASW parameters of conductors

At all energies (6, 12, 24 m]) SS 304 has lower arrival time than all metals, so the ASW
velocity from LIB of SS 304 sample is higher than all samples. The response of SS 304 is
different from Al, Cu and Brass at lower and higher energies because of its too many elements
(Cr, Mo, Nj, Ti, Cu, C, and N). The breakdown threshold of such an alloy will vary depending
on the composition and typically being decided by the material with lowest breakdown
threshold. In mixture of material, the breakdown will happen at lower energies and the
remaining energy is utilized for plasma growth. Brass is a combination of both copper and
zinc. ps LIB of alloys has more pressures and less arrival times than the pure metals because
alloys have low breakdown threshold energies and majority of the incident energy is converted
into acoustic energy. Signal energy and acoustic pulse width increase as the incident laser

energy increases.

Table 4-12. ASW parameters of Al, Cu, Brass and SS316LLN samples at a fixed energy of 30

m].

Sample | Pressure | Arrival | Signal | -ve +ve -ve +ve | Area under

(kPa) time energy | peak | peak | peak |peak | curve (a.u)

(us) (a.u) | height | height | width | width | -ve +ve

(kPa) | (kPa) | (us) (us) part | part
Al 3.96 2329 | 275 2.39 1.567 | 7.325 | 20.61 |9.06 |12.56
Cu 3.93 233.46 | 2.76 2.38 1.54 7.45 12049 917 | 1241
Brass 4.18 231.48 | 3.29 2.6 1.57 7.81 20.79 | 10.12 | 14.07
SS316 | 4.23 230.93 | 3.36 2.619 | 1.62 7.265 |19.38 |10.10 | 13.99

Decrease in mass removal per unit laser energy is reported when the fluence of ps laser

pulses increases for copper target material at 1064 nm wavelength [28]. Whereas for 532 and
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266 nm, crater volume has increased with laser energy for ps laser pulses [28]. Our experiments
are performed at 532nm wavelength, so the increase in ASW parameters indicates the crater
volume. The ASW parameters of Al, Cu, Brass and SS samples at a fixed energy of 30 m] were

presented in table 4-12. This table gives the idea of effect of material on acoustic parameters.

4.2.3 Dielectrics

The dielectrics we have used are Glass, Mica, Barium Titanate (BaTiO3), Zirconium
Tin Titanate (ZrSnTiO4). The peak pressures, arrival times of these dielectrics samples were

presented in fig. 4.30, at three different laser energies of 6, 12, 24 m].
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Fig. 4.30. (a) Peak to peak pressures and arrival times of ASWs at 6, 12 and 24 m] of energies
for dielectric samples. (b) The slopes of peak pressures for glass, Mica, ZtSnTiO4 samples are
0.069, 0.069, 0.069 respectively. The slopes of arrival times for glass, Mica, ZrSnTiO4 samples
are -0.22, -0.27, -0.24 respectively.

The behaviour of varying peak pressures and arrival time are observed to be similar. Glass has
almost the same pressures and arrival times at 6 and 12 m] of laser energies. We can’t observe
large difference at 6 and 12 mJ, as shown in fig. 4.30. Glass is transparent to 532nm wavelength
light, so majority of the energy is transmitted at 6, 12 m] energies, whereas a rapid rise in
pressure at 24 m] is observed. This result indicates that the laser-matter interaction mechanism
is different at lower and higher energies. Other than glass, the peak pressures of remaining
samples are increasing and arrival times are decreasing with laser energy, shown in fig. 4.30 (a),
(b). As we move to higher energies the laser matter interaction is non-linear. Idea on ablation
rates is important to choose the optimum laser parameters for various sample characterization
[50] and to understand environment effects on the ablation rates [50]. The acoustic parameters
from LIB of dielectrics at 12 m], were presented in table 4-13. The values are distinct for

different samples.
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Table 4-13. ASW parameters from LIB of dielectrics at 12 m] of laser energy.

-ve +ve -ve +ve Area under curve
Signal
peak peak peak peak (a.u)
Sample energy
height | height | width | width
(a.u) -ve part | +ve part
(Pa) | (Pa) | (us) | (us)

Z1SnTiO4 0.886 1.198 1.152 7.65 11.7 4.54 5.94
Glass 0.662 0.794 1.12 6.72 6.65 2.71 4.527
Mica 1.097 1.332 1.248 6.825 10.72 4.865 6.43

BaTiO3 2.06 1.38 1.37 6.79 8.7 4.99 6.88

4.2.4 Insulators

PVC, Teflon, Alumina (Al 90% dense) are the insulators we have used here to form
the plasma and studied the associated effects acoustic emissions. As laser energy increases, the
pressures and signal energy increases and arrival time decrease for both PVC and Teflon as

expected, shown in fig. 4.31.
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Fig. 4.31. (a) Pressures, (b) arrival times for PVC, Teflon at all laser energies of 6, 12, 18, 24,
and 30 m]. The slopes of peak pressures for PVC, Teflon samples are 0.081, 0.084 respectively.
The slopes of arrival times for PVC, Teflon samples are -0.27, -0.26 respectively.

Signal energy is proportional to the square of the peak pressures. Even though both
are insulators, the ASW parameters are different. Both have different chemical structure and
properties. At all input laser energies the ASWs from ps LIB of PVC and Teflon shows similar

evolution with incident laser energy. ps LIB of PVC show more peak pressures than the Teflon
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at all laser energies, shown in fig. 4.31. Arrival times of ASWs from Teflon are less than the
PVC at all energies. Due to sample constraint, for Al 90, experiment was done at 6, 12 mJ of

laser energies only. Acoustic measurements are tabulated in table 4-14.

Table 4-14. ASW parameters of ps LIB of Alumina at 6, 12 m] of laser energies.

Signal Area under
peak height
Arrival | energy peak width (ps) curve (%X10¢)
Energy | Pressure (kPa)
time (% 10- a.u
(m]) | (kPa)
(us) 5) -ve +ve -ve +ve -ve +ve
V2.sec | portion | portion | portion | portion | portion | portion
6 2.337 237.15 | 0.93 1.153 1.183 6.725 10.1 4.16 5.95
12 2.939 234.25 1.48 1.618 1.32 7.495 12.81 6.07 8.18

Area under the curves of —ve and +ve portions for Al 90 sample are increasing with
laser energy, shown in table 4-14. It implies that either peak heights or peak widths or both are
increasing along with laser energy. Decrease in arrival time indicates the rise in acoustic shock
velocity. For PVC and Teflon, the area under the curves of both —ve and +ve portions were
tabulated in table 4-14. As the laser energy is increasing, the areas representing higher ablation

are increasing. It indicates the increase in crater volume with respect to laser energy.
g gy

Table 4-15. Area under -ve and +ve portions of PVC and Teflon samples, at various laser

energies.
Energy PVC Teflon
(m]) Area under Area under Area under Area under
—-ve part X 10¢ | +ve part X 106 | —ve part x10¢ | +ve part X 106
6 3.71 5.58 3.63 5.2
12 5.93 8.56 5.51 7.081
18 7.73 10.4 7.08 8.24
24 9.18 11.96 8.5 9.89
30 10.52 13.2 10.06 11.39

4.2.5 Compacted Cu powders

The same set of copper powder pellets were used for the ps-LIB also. Temporal ASW
parameters were presented in fig. 4.32 as we have seen in ns-LIB, copper powder pellets with
different packing densities shows the different peak pressures with less amplitude (peak
pressure) difference. Here, the microphone to plasma distance is 73 cm. To avoid the particle
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accumulation on the microphone holes, target was kept at a safe distance. The low peak to

peak pressures are due to this long source-receiver distance.

The effect of incident laser energy on the ASW peak pressures from pellets made out of 2 pm
and 420 pm particle sizes were presented here. As the laser energy increases the peak pressures
are increasing at all packing densities, as shown in fig. 4.32. Linear fits to peak pressures for
both 2, 420 um particles are presented in fig. 4.32. For 2 um, the peak pressure is increasing
linearly with a slope of 5.1, 6.4, and 5.8 for packing densities of 60, 70, and 80 % respectively.
For 420 um powder pellet, the slopes are 4.7, 6.4, and 3.8 for packing densities of 60, 70, and
80 % respectively.
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Fig. 4.32. Laser energy vs peak pressures and their linear fits for packing densities of 60, 70,
80% for the particle sizes of 2 and 425 micron. Peak pressure are proportional to the incident
laser energy.

Interaction of laser pulse with copper powder pellet made with the 2 pm size particles is

different from the 425 pm size at a fixed laser energy, shown in fig. 4.33.
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Fig. 4.33. Laser energy vs peak pressures for particle sizes of 2, 425 um at each packing density
of 60, 70, and 80 %. At each packing density, interaction of laser pulse with each particle size
is different.
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The peak pressures are very close to each other at some of laser energies and packing
densities. At 80% density, the peak pressures for 2, 420 um are very different from each other,

shown in fig. 4.33.

The ratio of +ve peak width to that of —ve peak height indicating the material ablation duration
and the resulting ablative pressure (fig 4.34) shows that at a given laser energy the material
ablation is happening over a longer duration for 420 um powder pellets with increasing laser
energy the 2 pm powder pellets will get ablated much quickly due to increased coupling of

laser energy to the pellets. This is evident from fig. 4.34 (a) and (b).
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Fig. 4.34. Packing density vs ratio of +ve peak width and —ve peak height for 2, 425 p particle
sizes for the laser energies of 15, 27 m]J. At each packing density, the 425 p particle size having
higher value of ratio than the 2 p. Units of ratio is (usec/kPa), error is absolute value.

4.2.6 Comparison among various materials

To understand the role of material on the ASW from LIB, the time domain signals are
compared under similar experimental conditions. At 6 m] of laser energy, there is not
considerable stretch in positive peak of Glass, PVC, SS, Al, shown in fig 4.35. At 12 m] of
energy, the stretch in positive peak has increased for all the materials except for glass. As Glass
transmits 532 nm wavelength of laser light the amount of laser energy deposited is less
compared to the remaining samples that are opaque for 532 nm light. So, the amount of energy

used to form the plasma, decides the density fluctuations in surrounding atmosphere.

As we increase the laser energy, the plasma absorbs incident energy and develops its
constituents, which are represented by the ASW parameters. We can see a stretch in glass signal
also at 18 mJ of energy along with the other samples, shown in fig. 4.35. The length of this
stretch is different for different samples. The remaining parameters are also distinct for various

samples. Change in some of the acoustic parameters are visually observable like length of +ve
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peak and depth of —ve peak. Remaining parameters we will calculated from known formulae

and function fitting.
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Fig. 4.35. ASW signals from ps LIB of various samples at (a) 6 mJ, (b) 18 m] of incident laser
energies.

The change in ablative widths are compared in table 4-16.

Table 4-16. +ve peak lengths of ASWs emitted from ps-LIB of Al SS, PVC and Glass samples
at 6 and 18 m] of laser energies are presented in this table.

+ve peak length (us)
Sample 6m] 18m]
Al 7.78 14.37
SS 8.08 13.66
PVC 7.5 15
Glass 0.19 11.89

The length (or stretch) of +ve peak is doubled when laser energy is 3 times increased, for all

the samples which is in line with the fact that ablation increases with input laser energy.

4.2.7 Frequency analysis

The FFT of ASW time domain signal gives the spectrum, consisting of frequency
information of acoustic signals. Spectral frequencies are fitted to Lorentzian function, shown
in fig. 4.36. Peak 1, peak 2, peak 3 are three dominant frequencies which were considered for

analysis. Highest PSD is peak 1, the peak number follows the amplitude of PSD.
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Fig. 4.36. Acoustic spectrum of ps-LIB of Al target sample at 24m] of laser energy.
Frequencies are fitted to Lorenzian function with three different frequencies (peakl to 3),
actual spectrum is super imposed on the peak sum of fitting, and it shows the fitting is good.

The values of R? square (coefficient of determination (COD)) is 0.9964 for this fitting,
indicating a good fit. The peak sum (shape) has to be very close to the original spectrum. In
order to get this, we have used Lorentz multiple peak fitting. Three peaks of different
frequency and PSDs have appeared in Lorentz multiple peak fitted spectrum (fig. 4.36). The
Lorentzian peak fit parameters are central peak frequency, width of that peak, height and area
under the curve of fitted curve. These parameters helps to understand the ASWs emitted from
LIB of materials. The frequency analysis for Aluminium (Al), Copper (Cu), Brass, Stainless
steel (SS), PVC, Teflon, Mica, Glass, ZrSnTiO4 are presented here.
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Fig. 4.37. Peak 1 frequency vs incident laser energy, for ps LIB of Al target sample. Central

fitted peak frequency decreases as the laser energy increases from 6 to 30 m)].
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As the laser energy increases the central frequency of peak 1 for Al is shifted from 75
to 30 kHz, indicating presence of near acoustic frequencies with increasing laser energy. A
similar behaviour is observed to the remaining peak frequencies. For a particular laser energy

of 24 m], the peak 1, peak 2 frequencies are plotted for all the samples, shown in fig. 4.38.

7 L

Yl
7/

Lorentz fitted frequencies 2 0 i Lorentz ﬂ&éd frequencies - $5
0s° peak 1 | peak2 Woe
3.2 e ps LIB - 24 mJ | psLIB-24mJ s-é@es
E b4 |
< T 1.6 '*}
p— — “
N2.4 N Wt ;
s = | |
S 2 ! I
?1.6 < a1 !
.6 [77) ] W2
1 ob
. Yoe 0.8 e
92 94 96 40 80
Frequency (kHz) Frequency (kHz)

Fig. 4.38. Peak 1 and peak 2 frequencies of ps — LIB of various samples at 24 m] of laser
energy.

Since we are working in audible to ultrasonic frequencies in ambient air, there are some
constraints which needs to be considered. In audible range, general noises will limit the
acoustic parameters, at the same time, attenuation of higher frequency components comes into

picture in the ultrasonic range [51].

A clear difference in the peak frequencies with corresponding PSD values is observed in ns-
LIB and ps-LIB. This is mainly due to the shorter 30 ps pulse which minimizes the interaction
of the trailing edge of the laser pulse with the initial free electrons. Despite the very close peak
frequencies, different PSD values from samples is an advantage to utilize ASW from ps-LIB
under lab conditions. The central peak frequencies, peak widths and their ratios are presented

in table 4-17 for all the samples at 24 m] of laser energy.
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Table 4-17. The Lorentz fitted central frequency, FWHM and its ratios for all the samples for
ps LIB of various samples at 24 m] laser energy.

Peak 1 Peak 2
Samples Central Width Central Width
frequency (kHz) | Awi/w1| frequency (kHz) | Aw2/w2;

(kHz) (w)) | (Awi) (kHz) (02) | (Aw2)
Brass 33.37 19.92 0.597 83.82 29.37 0.350
SS 36.93 33.27 0.901 85.40 41.06 0.481
PVC 34.03 32.35 0.951 83.81 30.63 0.365
Teflon 51.97 29.77 0.573 27.41 33.39 1.218
Mica 29.50 24.07 0.816 75.68 23.47 0.310
ZtSnTiO4 33.50 41.21 1.230 70.38 36.93 0.525
Al 34.80 28.17 0.809 83.08 28.72 0.346
Cu 35.20 29.04 0.825 83.91 28.27 0.337
Glass 94.59 30.08 0.318 42.86 14.63 0.341

To understand the energy dependence on acoustic frequencies produced by LIB of materials,
the spectral components at 12 m] laser energy are compared as shown in fig. 4.39. The

frequency components are well separated in either the frequency scale or its amplitude (PSD).
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Fig. 4.39. Peak 1 and peak 2 frequencies of ps — LIB of various samples at 12 m] of laser
energy.

The frequency components are well separated as we observed for 24 m] of laser energy. The

acoustic peaks and spectral widths are tabulated in table 4-18. The ratios are also distinct from
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sample to sample, though distinct nature of acoustic parameters is not so explicitly observed
for all incident laser energies. Fig. 4.38 and 4.39 show the dependence of laser energy on the
ASW from ps-LIB. Pulse energy ~ 24 m] seems to be better to distinguish the acoustic signals

and their PSDs in our studies.

Table 4-18. At 12 m] laser energy, the Lorentz fitted central frequency, peak width and its
ratios for all the samples for ps LIB of various samples.

Peak 1 Peak 2
Samples Central Width Central Width
frequency (kHz) | Awi/w1| frequency (kHz) | Aw2/w2;

(kHz) (»1) (Aw) (kHz) (»2) (Aw2)
Brass 43.87 29.81 0.679 62.37 18.95 0.304
SS 42.58 30.16 0.708 70.30 12.86 0.183
PVC 52.75 38.09 0.722 116.32 39.42 0.339
Teflon 39.41 30.42 0.772 55.55 40.38 0.727
Mica 57.12 42.19 0.739 122.57 44.46 0.363
ZtSnTiO4 43.29 33.95 0.784 60.47 26.07 0.431
Al 48.00 34.43 0.717 67.79 19.43 0.287
Cu 03.85 30.18 0.473 44.98 24.70 0.549
Glass 79.90 28.02 0.351 03.36 34.22 0.540

4.3 Repetitive ablation

In addition to the regular LIBS, where each laser pulse interacts with a pristine surface,
we have studied ASWs due to repetitive ablation of materials. In this mode, multiple laser
pulses are allowed interact with pre irradiated sample surface. The first laser pulse ablates
pristine surface and the subsequent pulses will interact with the ablated surface containing
crater with recondensed ablated material in the form of solidified particles in same cases. This
will lead to increased crater dimensions (depth and width) with increasing number of pulses
before the ablation efficiency reaches saturation. This entire process will affect the ASW from
the successive pulses. To understand the saturation of the ablation efficiency, acoustic signals
are picked up after 32, 64 and 128 laser shots at laser energies of 60, 80 and 100 m]J. The time

domain signals and their corresponding acoustic spectrums are presented in fig. 4.40 (a), (b).
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Change in acoustic signals (-ve peak height, arrival time) and the associated spectrums are

clearly identified in fig. 4.40 (a) and (b) respectively.
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Fig. 4.40. Time domain signals (a) and its corresponding acoustic spectrums (b) of 32, 64 and
128 averaged ASW signals at laser energy of 60 m]J.

A clear reduction in the ASW parameters (peak pressure) and FWHM of —ve peak are observed
as shown in fig. 4.41.

6.0 ns LIB = ] —e—6oms NsLIB
Al sample —C—80mJ 13‘4 1] —*—8omJ Al sample
K ——100m) [ =7 | _@ 100 mJ
< 56 (a) x
e @
- o
3 Q 4.0'
w 5.2 >
2 Y
o 3]
x =
$ 4.8 ‘\\1 T 3.9
o =
i
32 64 96 128 32 64 96 128
Average Average

Fig. 4.41. (a) Peak-to- peak pressures and (b) FWHM of —ve peak of emitted ASW from the

LIB of Aluminium sample for consequent laser shots of 32, 64 and 128 on same spot at 60,
80 and 100 m] energies.

As the laser energy increased from 60 to 100 m], the peak pressure rises from 4.97 to
6 kPa, respectively, shown in fig. 4.38 at a particular average (32 or 64 or 128) of incident laser
pulses. At 32 shots average, 2.97, 3.55, 3.93 kPa are the —ve peak heights for 60, 80, 100 m] of
laser energies, respectively. It indicates that the good amount of incident laser energy is

converted into acoustic energy despite multiple laser shots interacting with material.
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At 60 m] of laser energy, the peak pressures are 4.97, 4.87 and 4.62 kPa for 32, 64 and 128
average of laser shots, respectively. The pressures decay as the number of laser shots increases
at the same spot. The similar decrease in peak pressures were observed for remaining energies

of 80 and 100 m] laser energy, shown in fig. 4.41 (a).

At fixed laser energy of 60 m], for fixed number of shots average 32, 64 and 128 the +ve peak
widths 14.87, 14.49 and 14.11 ys, respectively. The same trend is observed for remaining laser
energies 80 and 100 m] also. It means that, the density fluctuations effected by ablated particles

is less. As the number of shots falling on same spot increases, the ablation rate decreases.

At 80 m]J of laser energy, the FWHM of —ve peak values are 3.93, 4.01, 4.09 us for 32, 64, 128
shots average, respectively. As the number of shots on a same area increases, the FWHM of —
ve peak also increases, for all energies (60, 100 m]). Here FWHM is increasing with the
increasing number of incident laser pulses at any incident laser energy, shown in fig 4.41 (b).
Generally, as we focus more number of laser pulses on a same area, more ablation takes place.
It will happen only when the target moves towards the incident laser direction according to
ablation rate. But, here, target is not moving towards the laser, it is fixed at the focal point for
all the 32 laser shots. The pulse to pulse time gap is 1 sec and the pulse width is nano second.
The ablated species exists at focal point up to a few microseconds, so the subsequent laser
shot is not interacting with the ionized species at crater. After the few pulses interaction, there
is formation of molten, solidified material around and inside the crater. So, interaction of laser
pulses with the less dense molten or solidified material generates the less intense ASWs (low

pressure waves) than the first stage of ablation, as shown in fig. 4.41.

After few pulses of interaction with material, there is a formation of craters. The dimensions
of the crater will tell the amount of laser energy coupled to the target material [27]. The next
pulses are focused in craters, in which laser pulse will interact with crater edges also. Then laser
pulses doesn’t interact with material, completely and the generated heat is transferred to crater
edges and transferred to surrounding atmosphere. This leads to lower pressure at 128 shots
average. We can see the difference in pressures for ablation of virgin spot area (average of
shots) and different number of laser shots on same spot area, at various laser energies of 60,

80, 100 m] presented in fig. 4.42.
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Fig. 4.42. Comparison of ASW peak pressures between the fresh spot area ablation and the
ablation due to different number of shots on same spot area at 60, 80, 100 m] of energies.

As presented in fig. 4.42, the fresh spot ablation generated more peak pressures than
the multiple shots ablation on same spot area. Multiple laser shot ablation is reported to
increase the x-ray emission up to 5 to 7 laser shots beyond which the x-ray emissions is

observed to decrease drastically.

4.4 Summary

ASW emissions from ns & ps-LIB of various target samples has been studied at various
incident laser energies. Peak pressures, arrival times, area under the curve of both —ve and +ve
peaks are plotted w.r.t incident laser energy. The increment in slopes of peak pressures w.r.t
laser energy indicates the conversion of optical energy into acoustic energy. With increasing
laser energy decrease in arrival times were observed, indicating the rise in acoustic shock

velocities along with laser energy.

The LIB of metals (Al, Cu, SS, Brass), dielectrics (Mica, Zirconium tin tiatanate, Lithium
niobate, Barium titanate), insulators (PVC, Teflon, Napthalene, Alumina 90, 99) were studied

through the temporal and spectral ASW parameters.

Of all the physical parameters like thermal conductivity, electrical conductivity, density, melting
point and boiling point the time domain acoustic parameters follow predominantly the order
of melting point. For all the different category of materials studied the acoustic parameters
peak pressure and +ve peak width are increasing with increasing input laser energy. The peak
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frequencies obtained using FFT to time domain signal of ns- & ps- LIB have given multiple

peaks. The important peaks and their PSD values have shown that, the materials can be

separated. Repetitive ablation of Al using ns-LIB has shown that the peak pressures are

reducing with number of laser shots. Though the peak pressure has reduced, the frequencies

are observed to be remain unchanged. This makes acoustic emissions a useful tool to augment

standard LLIBS.
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CHAPTER 5 : Acoustic shock waves from
high energy materials

Abstract:

The properties of ASWs from the ns-LIB of high energy materials are presented in
this chapter. ns-LIB of the Ammonium Nitrate (AN), Di Nitro Toluene (DNT), Tri
Nitro Toluene (TNT), 3-Nitro-1,2,4-triazol-5-one (NTO) samples and ambient Air is
studied at two laser energies of 25, 40 m]J. ASW reproducibility is presented in both
time and frequency domain. Huge peak-peak pressure difference between target
samples and the Air breakdown is observed. Acoustic spectral peak frequencies of
DNT have the highest amplitude than the remaining samples at 25 mJ of laser energy.
Acoustic parameters from the breakdown in Air, Nitrogen (IN2) and Argon (Ar) as
ambient gases were performed. The increment in ASW parameters are observed from
the ns LIB of Ar gas than N; and Air. ASWs from ns-LIB of 4 —Nitro imidazole,
Bismuth nitrate (Bi(NO3)2) and Lead nitrate (Pb(INOj3)2 ), in the presence of Air and
Ar background gasses is presented. By changing the background ambient gas, we can
control the associated ASW properties. ps-LIB of RDX, CL-20, TNT and NalN; are
also presented at two different laser energies. Variation in acoustic parameters were
presented at a fixed laser energy, it indicated the effect of sample properties on ASW
emissions. The peak frequencies are well separated from one sample to another

sample.

5.1 Introduction

High energy materials (HEMs) play a crucial role in advancement of civilization. Mines of
lime stone, metals and coal can be dug deeper quickly, faster infrastructure development
expansion of roads, fast clearance of older buildings and expansion of harbours and rocket
motors (propellants) that launch satellites that played crucial role in communication revolution.
For all these applications, engineering of HEMs is essential. Explosives can be used for the

dark side also, in IED’s, bombs and in guns to increase the velocity of bullet.
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To take control of both good and bad sides of explosives, it is essential to detect HEMs from
long range distance. Various techniques are available for the detection and identification of
explosives some of them are Laser induced breakdown spectroscopy (LIBS), Raman
spectroscopy, terahertz, and photoacoustic techniques etc. [1-4]. Out of various available
detection techniques, laser based detection is in focus as the beams can propagate over long
ranges. People have reported, LIBS of RDX, HMX, TNT, and NTO with laser pulses of

different widths [5-7]. Detection of isomers were also reported by using LIBS [8].

High energy materials (HEM) (explosives), when detonated undergo a fast chemical reaction
and generate large amount of heat and exert a high pressure on its surroundings. Classification
of explosives [9] is presented in fig 5.1 and their few important properties are mentioned in

following sections.

Explosives are classified into three types, high explosives, propellants and pyrotechnics, shown
in fig. 5.1. High explosives lead to detonation. Propellant does not detonate, but these combust
or deflagrate and are mostly used as fuel in rockets. Pyrotechnics are materials capable of
undergoing self-contained and self-sustained exothermic chemical reactions and produces
effects such as explosion, fire, light, heat, smoke, sound, or gas emission [9]. Some desirable
characteristics of HEMs are stability, oxygen balance, impact sensitivity, friction sensitivity,
heat of formation, velocity of detonation and detonation pressure. High explosives are again
classified into three types [10] which are primary, secondary and intermediate explosives
depending on their chemical properties. Primary explosives will create detonation, this can be
initiated by heat or strong shock wave. Detonation of these primary explosives creates large
amount of heat or mechanical pressure waves in surrounding medium, these are used in
triggering devices. Lead azide, mercury fulminate, silver azide, diazo di nitro phenol etc. are

some of primary explosives.

Secondary explosives are not able to detonate as primary explosives. The heat or shock
generated by primary explosives can ignite the secondary explosives. These are very insensitive
unlike primary explosives. PETN is considered as a reference explosive in this category. If any
explosive is more sensitive than the PETN then it is considered as a primary explosive [9].
Tertiary explosives can work as blasting agents. These are very insensitive to shock.
Intermediate explosive booster of secondary explosives ignites these. Best examples are
ammonium nitrate (AN) and ammonium per chlorate (AP). A flame can ignite the propellants.

These do not explode whereas burning takes place at higher rate [10], so low intense explosion
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will takes place. These are good to drive out projectiles from the weapons. Pyro technics are a
mixture of combustible materials. Generally they contain a fuel, oxidizer and binder to perform

some special functions like releasing a specific amount of heat, specific coloured emission, and

A | — e
Military Explosives Civil Explosives
s o s

specific gaseous products.

TNT, RDX, | AN, AP |

HMX, CL-20

Fig. 5.1. Classification of explosives [9].

LIB creates a plasma which mimics a micro explosion or a micro detonation that launches
shock/ blast waves into ambient atmosphete. These blast waves propagates with velocities in
the range of 8 km/sec or higher [10, 11]. So, studying the plasma generated pressure waves
helps to understand the detonation waves produced during explosion. Due to the limited
availability of HEM samples, different samples are studied using ns-LIB and ps-LIB. Only
TNT was studied using both ns-LIB and ps-LIB to understand effect of pulse duration.

5.2 ns-LIB of AN, DNT, TNT, NTO and Air

Ammonium nitrate (AN) is tertiary explosive, generally used for mining and tunnelling
purposes. But the mixture of TNT and AN called Amatol, which is very useful and covers the
shortage of TNT. For under water explosions, Amatol in addition with aluminium called
ammonal is used. TN'T has a melting point of 84°C and decomposition temperature of 300°C,
so it is named as melt cast explosive or explosive binder. It is in the molten condition for
comparatively high period of times [10]. Lower grade of TNT is used for commercial purpose
whereas its ultrapure form is for military applications. DNT is used as coolants and surface
moderants in gun propellant elements [9]. The mixtures of AN and TN'T/DNT ate good water
resistant. N'TO is less sensitive than RDX, HMX and morte stable than TNT and RDX. NTO
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is used in explosive formulations, gas generators for auto mobile air bag systems. In solid
rocket propellants NTO salt derivatives are good energetic additives. TNT is an alternate for
Ammonium perchlorate (AP)/AN in rocket propellants, burning rate modifier for composite
propellants replacing RDX, HMX and increasing the work of gun propellants [10]. RDX and
HMX are greatly used in low vulnerability ammunition (LOVA) of gun propellants [12, 13].

The materials we have studied here are ambient Air, Di Nitro Toulene (C;HsN20O4 - DNT),
Tri Nitro Toulene (C7HsN3O4-TNT), Ammonium Nitrate (NoH4O3 - AN) and NTO
(C2H2N4O3). Molecular structures [14], formulae and names are mentioned in table 5-1. The

experimental schematic of ns-LIB of these materials are presented in chapter 2.

Table 5-1. Molecular formula, structures and number of Nitro groups of the HEMs used.

Sample Name [ Chemical Formula Structure IUPAC nomenclature

DNT C-HeN,Oy Di Nitro Toulene

CH,
NO, NO,
TNT C7H5N304 2-Methyl-1,3,5-trinitrobenzene
N02
CH,
©/ NO,
NO,

0
H J\ P . .
NTO C.HoNLOs N /N 3-Nitro-1,2,4-triazole-5-one
s
O,N
H o
AN N:H403 ) \ Ammonium nitrate
H/ \H 0/ \O

5.2.1 Reproducibility

For all these applications, reproducibility of the expected parameters is essential. As
LIB mimics a micro explosion detonation/detonation/a small scale reaction reproducibility of

LIB signals is studied.
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To account for the fluctuations in laser energy and ambient atmospheric conditions where LIB
is generated, we usually take average of data sets generated by number of laser shots. The

changes in acoustic signals from 20 laser successive laser pulses is presented in fig. 5.2.

2 ns-LIB_TNT
|E=25mJ
© |20 Asw signals
o 1-
e
o
24
50
n
w0 .
0 .1 P
2. G 7
—8— =9
w9
o 2 - - - 10—-=-11
o —-e12-===13]
-3- A 223 224 ;ﬁmeﬁg}m 228 229 :g__._::;l
220 230 240 250 26

Time (us)

Fig. 5.2. ASW signals from LIB of TNT sample, for 20 consecutive laser pulses at 25 m] of
laser energy. Inset shows the image of negative peak (lower) of all 20 ASW signals. X-axis is
time, Y- axis is pressure. The maximum deviation in X-axis is =0.6 usec, Y-axis is 0.2 kPa.
For ns LIB of TNT, at 25 m] of laser energy, the average peak to peak pressure of
ASWs of ten successive laser shots is 5.014 = 0.073 kPa. The error in peak pressures is very
minimal as in the case of LIB of ambient air. As shown in fig. 5.2, the shift in pressure (vertical
shift-Y-axis) and arrival time (horizontal shift-X-axis) are very less (with in error bars). It
confirms the, repeatability of ASWs in time domain irrespective of sample characteristics. In
general, repeated loading of any material is reported to give acoustic waves [15, 16] with large
fluctuations. When compared with the mechanical generated acoustics, laser generated
acoustic waves have better reproducibility and used in applications including remote sensing

of pressure variations.

The above shown twenty time domain signals (20 laser shots data sets) of TNT sample are
used to check the frequency response. The Fast Fourier transform (FFT) of any time domain
signal generates its spectrum. Top peak frequencies are chosen for analysis according to their
order of amplitude. Lorentz fitted peak frequencies of all twenty laser shots spectrums are

presented in fig. 5.3. The actual acoustic spectrum and fitted peaks are shown in fig. 5.3 (a).
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Fig. 5.3. (a) Actual

energy is used is 25

Each laser shot on sample generates one acoustic spectrum, each spectrum consists of

different number of peak frequencies with slightly different PSD values and all symbols (peak

frequencies) are at

ovetlapped on each

From fig. 5.3, it is

domain also. The average spectrum of all twenty spectrum, shows the peak frequencies of

Central peak frequency (kHz)

spectrum and fitted peaks (five) of single ASW signal. (b) Spectral peak
frequencies of twenty successive ns laser shots on TNT target sample, shown with different
colours. Lorentz fitted peak frequencies of twenty laser shots data is presented. Here the laser

m] per pulse.

same frequency. Circled areas in fig. 5.3 shows the frequencies which

other with slightly variable frequency and PSD values.

evident that the laser-material interaction is reproducible in frequency
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62.88 + 0.204, 106.8 £ 0.4, 22.05 £ 0.35, 46.73 £ 0.53, 125.16 £ 0.9 with their PSDs of 6.81,
3.29,3.006, 2.15, 1.62 X 10 V2/Hz respectively. The variation in frequency components of peak
land it’s PSD (Y-axis amplitude) from twenty shots is very less as shown in fig. 5.3. The
amplitude variation is within allowed errors. It shows the unchanging spectral response of
material with respect to fluctuations in laser energy. Hence fluctuations in laser energy doesn’t

influence the spectral response of material as much, it is evident from the fig. 5.2 and 5.3.

Now we move to the next step, where all target samples are exposed to incident laser pulses
under fixed experimental conditions. The density, melting point, boiling point, number of
nitrogen, oxygens and number of nitro groups are given in below table 5-2. These parameters
helps to link the ASW properties to that of sample characteristics.

Table 5-2. Density, Melting point, Boiling point, number of nitrogen, oxygens etc., properties
of samples are given here.

Boiling
Melting No of No of No of nitro
Sample | Density point
point ("C) ) nitrogens oxygens (NOy) groups
DNT 1.52 70 300 2 4 2
TNT 1.55 80.35 295 3 6 3
AN 1.73 169 210 2 3 -
NTO 1.93 273 247 4 3 1

The breakdown of these target samples were done at both 25 and 40 m] of laser energies. As
expected the peak pressures are high for 40 m] of laser energy than the 25m]. The remaining
acoustic parameters are tabulated in table 5-3. The difference in peak pressures between air
and remaining target samples is ~2 kPa, shown in table 5-3. This clearly indicates the role of
HEMs on the ASW properties. These samples are in pellet form and exposed to laser pulses
under similar experimental conditions (laser energy, source-receiver distance, target position
on translational stage etc.). Here the separation distance between plasma to microphone is
fixed at 8 cm, the laser pulses are focused using a lens of 100 mm focal length. ASW parameters
at 25 m] of laser energy are tabulated in table 5-3. Measurements of arrival time, +ve acoustic

pulse width, signal energy are done as explained chapters 2&3.

113



_ Acoustic shock waves from bigh-energy materials

Table 5-3. ASW parameters of ns-LIB of Air, DNT, TNT, AN and NTO at 25 m] laser
energy, microphone distance is 8 cm from the plasma.

Signal

+ve peak )
Peak pressure | Atrrival time energy width Velocity
Sample (kPa) (us) (V.sec) s) m/sec
x 10”
25 40 25 40 25 40
25m] | 40 mJ | 25 mJ | 40 m] m] m] m] m] m] m]

Air 3.05 | 3.77 225.6 | 22235 | 1.77 | 2.56 11.5 | 1491 | 354.6 | 359.8
DNT 5.14 | 6.03 220.7 | 217.8 575 | 7.84 13.9 | 18.09 | 362.4 | 367.3
TNT 499 |5.69 221.35 | 218.8 497 | 691 12.36 | 11.52 | 361.4 | 365.6

AN 489 |5.97 2209 | 217.7 51 |82 12.03 | 14.22 | 362.1 | 367.5
NTO 4.84 | 5.66 220.85 | 218.2 5.06 | 8.3 12.22 | 19.63 | 362.2 | 366.4

The peak-peak pressures are around 5 kPa for 25 m] and 6 kPa for 40 m] of laser energies
respectively. With respect to incident laser energy, we can see the rise in all acoustic parameters

such as, signal energy, +ve peak width, velocity, shown in tables 5-3.

Low melting point HEMs generate more peak pressures. HEMs have lower melting point
compared to the other solid targets presented in chapter 4. Having lower melting point allows
most of the laser pulse to interact with pre heated material leading to a higher temperature LIB

plasma resulting in higher peak pressures.

For laser energy of 25 m], Lorentz fitted central frequency peaks of ns LIB generated acoustic
spectrums of AN, TNT, DNT, NTO samples and Air are presented in fig. 5.4. Since peak
pressures from ns LIB of air are low, the number of spectral peaks of air acoustic spectra are
also very less in amplitude (PSD) when compared with the remaining samples. It is indicating
that, time domain and spectral domain features are proportional to each other in the case of
spectral amplitudes. These frequencies with their PSDs are shown in fig 5.4. The peak 1 and
peak 2 frequencies of samples spectra are well separated from each other. At 25 m] of laser
energy, the frequencies of peak 1 are 48.3,49.9, 54.3, 61.3, 62.9 kHz for NTO, DNT, Air, AN,
TNT respectively. Whereas, the peak 2 frequencies are 63.1, 99, 106.8, 109.7, 110.4 kHz for
NTO, DNT, TNT, AN, Air respectively. The order of peak 1 frequencies w.r.t samples are
not followed by the peak 2.
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Fig. 5.4. Lorentz fitted acoustic spectral central peak frequencies vs their PSD (power spectral
density) at 25 m] laser energy for ns LIB of AN, DNT, TNT, NTO and Air. (a) Peak 1
trequencies, (b) peak 2 frequencies, here frequency is on X-axis, PSD is on Y-axis.

At the laser energy of 40 m], the spectral frequencies and their PSDs are plotted in fig.
5.5. DNT spectral peak frequencies are having highest amplitude than the remaining samples
at 40 m] of laser energy. The frequency peaks have also extended into ultrasonic side for DNT
compared to other HEMs. At 40 m] of laser energy, the frequencies of peak 1 are 33.2, 43.2,
52.9, 59.9, 73 kHz for NTO, Air, AN, TNT, DNT respectively. The central frequencies of
peak 2 are 19.9, 35,79, and 97.1, 99.6 kHz for TNT, DNT, NTO, and Air respectively. These

frequencies with their PSDs are shown in fig. 5.5.
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Fig. 5.5. Lorentz fitted acoustic spectral central peak frequencies vs their PSD (power spectral
density) at 40 m] laser energy for AN, DNT, TNT, NTO and Air.(a) Peak 1 frequencies, (b)
peak 2 frequencies, here frequency is on X-axis, PSD is on Y-axis.

As expected the spectral frequencies of 40 m] energy are having higher amplitudes than
the 25 m]J, indicating higher conversion of laser energy to acoustic energy. So, higher laser

energies enhances the peak frequency amplitudes under fixed experimental conditions.
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5.3 ns-LIB of 4-Nitro Imidazole, Lead nitrate, Bismuth

Nitrate

Nitroimidazoles has usage in many fields such as, medicines [17], radio sensitizers and
military applications (as explosives) [18-20]. Lead nitrate advances the burning of combustible
substances. High amount and longer duration of exposure to fire of lead nitrate, initiates
explosion. Lead and bismuth nitrates (metal nitrates) are impressive reagents for nitration of
aromatic compounds. The samples of 4-Nitro Imidazole, Lead nitrate (Pb(NOj3)2 ), Bismuth
Nitrate (BiNO3)3) are taken in pellet form. Each sample is exposed to incident nano second
laser pulses in various gas environments such as ambient Air, Nitrogen (N2) and Ar. The
experimental scheme of laser-target samples interaction in the presence of gases are shown in
tig. 5.6. Target is (no gas chamber has used) mounted to target holder, then the gas flow is
allowed towards the focal point in such a way that, focal point is surrounded by gas and sample
breakdown takes place in the presence of applied gas only. The air above the sample was
flushed by pressurised Argon or Nz gas, then it allows breakdown of sample only and Argon

or N2 gas confine the plasma.

Fig. 5.6. Experimental schematic of laser interaction with HEMs in the presence of Nitrogen,
Argon gases and Air (a), the actual arrangements of air, argon and plasma above the target
sample. Here laser is incidenting on the sample from the top, which is normal to the target
sample as shown in (b).

Here no ambient air /Ar /N> gas breakdown takes place at the sample breakdown

point. The LIB of samples in presence of Air, Argon gases can be visualized like a three

concentric hemi spheres, outer one (first one) is air, second one is Argon gas and last one
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(inside or focal point) is plasma, shown in fig 5.6 (b). Microphone is positioned at an angle (40

- 60%) w.r.t target sample and laser direction, shown in fig 5.6 (a).
5.3.1 ns- LIB of Argon, Nitrogen and Ambient air

Breakdown of gases itself is studied prior to the study of LIB of target samples in gases
environment. These gases (Ar, N2 and Air) are made to breakdown under the same focal
geometry what we have used for above experiments. ns LIB of ambient air, Nitrogen and
Argon gases generates the ASWs, and the properties are presented in table 5-4. Here the target
sample is gases only. The density and thermal conductivities of gases is also presented along
with acoustic parameters in the table 5-4. Peak pressures from these three gaseous breakdown
shows that, LIB in presence of Ar is radiating stronger ASW than the N2 and Air environment.
Time domain and frequency domain analysis is presented here. The acoustic signal energy due
to LIB in N; and Ar ambient is observed to be higher by ~ 1.5 and ~2 times respectively,
compared to the emissions from Air ambient.

Table 5-4. Measurements of ASWs which are emitted from the ns LIB of air, nitrogen and

argon gases at 32 mJ of laser energy. Here plasma to microphone distance is 9 cm. Here the
target is gas itself. Density and thermal conductivities of Ar, N> and Air.

Total
+ve
E, acoustic Thermal
Py peak | A. | Velocity Density
Sample (x10°) pulse conductivity
(kPa) width | (us) | (m/sec) (kg/m’)
V.sec width (W/m.K)
(ns)
D. (us)
Air 1.85 | 6.14 835 |257.5| 3495 18.33 1.66 0.026
Nitrogen | 2.24 9.1 9.98 | 261.5 344.2 16.81 1.17 0.026
Argon 2.6 11.1 10.1 | 258.5| 3482 17.26 1.18 0.017

Peak width of +ve portion, area under the—ve and +ve portions in time domain, supports that
the breakdown of Ar emits the strong acoustic shock waves than the remaining ones. For
better view of comparison between Air, Argon and Nitrogen gases breakdown, these acoustics
parameters are plotted in fig. 5.7. Lower thermal conductivity of Argon gas compared to the
N2 and Air leads to better confinement of the plasma to the target surface, resulting in a rapid
increase in the plasma density and have a stronger SW into the surrounding atmosphere. So,

argon environment confines the plasma for a longer time than the Nz and Air [21]. It results
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in a plasma with higher density that leads to stronger density discontinuity and launches ASWs

into the surrounding atmosphere.
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Fig. 5.7. ASW parameters of acoustic signals emitted from the breakdown of only Ar, No, Air
gases at 32 mJ of laser energy.

The effect of background gas [21] on spectroscopic emissions were studied by several
authors [22]. If the laser breakdown of materials occurs in ambient atmospheric air, the plasma
properties (its expansion, electron density etc.) are effected by ambient pressure. This results
in change of interactions between the atomic and molecular species with in the plasma and
surrounding ambient atmosphere. Ambient atmosphere plays a crucial role in LIBS
measurements [21]. At low atmospheric pressures, the ablation is improved, uniform craters
and improvement in LIBS signal is reported. Aguiler et al. reported the role of background

gases of Ar, He, Air, on the temperature and electron densities of LIB plasma from steel [23].
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Fig. 5.8. The central peak frequencies and their PSDs for ns LIB of ambient AIR, Argon and
Nitrogen at an energy of 32 m] per pulse.
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The background gas of Ar results in more plasma temperature and electron density
than He and Air. Since argon has very less thermal conductivity whereas He has more, the
plasma in Ar atmosphere decays very slowly than that from He [22]. Along with temporal
analysis, spectral analysis is presented to bring out the role of background gas. The Lorentz
fitted peak frequencies of acoustic spectra of ns LIB of gases of Ambient air, Argon and
Nitrogen are presented in fig 5.8 w.r.t their power spectral densities (PSD). For peak 1, the
Argon and Nz PSDs are close to each other, whereas for peak 2, Ar has higher PSD and N>

and Air PSDs are close to each other.
5.3.2 Effect of background gases on LIB:

To study the effect of background gas on ASW from LIB of target samples is
presented. For Bismuth nitrate, Lead nitrate and the ASW peak pressures are high for Ar
background, than the Air, shown in fig. 5.9. Breakdown of samples in Argon environment

generates the motre acoustic pressures.
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Fig. 5.9.The variation in peak pressures of 4-N-Imidazole, Bismuth and Lead nitrate samples
in Argon and Air environment at a fixed laser energy of 50 m].

In Argon environment, the acoustic data from three samples (4-Nitro Imidazole,
Bismuth Nitrate (Bi(NOs3)s3), Lead Nitrate (Pb(INO3)2)) were collected and corresponding
acoustic spectrums are analysed. Effect of backing gas or background gas on ASW signals is
studied in time domain, now we move into the spectral studies. The FFT of these time domain

signals gives the corresponding acoustic spectrum. Breakdown of HEMs in ambient air
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environment at 50 m] of laser energy and the peak 1 and peak 2 frequencies and their PSDs

are presented in fig. 5.10.

The central peak frequencies from the spectra of 4-Nitroimidazole, Bi(NO3);, Pb(NO3)2 in
Air backing gas environments is presented in fig 5.10. Peak 1 frequency of Bi(NO3)s (29.6
kHz) is close to audible frequency whereas Pb(NO3)2 (66.9 kHz )and 4 N-imidazole (72.6 kHz)
frequencies are in ultrasonic frequency. For peak 2, the Pb(NOs3)2 (29.8 kHz) and 4 N-
imidazole (33.9 kHz) frequencies are close to audible and Bi(INO3); (71 kHz) is in ultrasonic

trequency range.

751 m é,\@o Air environment 94 | Air environment PB(NO,),
; Ph(h}os)z- » ns LIB ns LIB
= ] o E=50 mJ ’E“ E=50 mJ | 4N-MD
IT.O' PEAK -2 = PEAK -1 |
IR N 81 I !
s - r
e & .
-~ 7 i |
X 6.0- & P
(] ) : | 1
7 o | BiNO,), !
5.5 L
) ' Bi(NO,), 6- ) |
0 40 5 80 70 30 40 50 60 70
Central peak frequency (kHz) Central peak frequency (kHz)

Fig. 5.10. The Lorentz fitted central peak frequencies and their PSDs (power spectral density)
for the materials of Bismuth nitrate, LLead nitrate and 4-Nitro Imidazole at 50 m] of laser

energy. Here the LIB of material environment is ambient air.

The LIB of samples in Argon backing gas and their spectral peak frequencies are presented in

fig. 5.11.
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Fig. 5.11. The Lorentz fitted central peak frequencies and their PSDs (power spectral density)
for the materials of Bismuth nitrate, LLead nitrate and 4-Nitro Imidazole at 50 m] of laser

energy. Here the LIB of material environment is Argon.
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In Argon background, peak 1 frequencies of 4-Nitro Imidazole, Bi(INO3)3, Pb(NO3)2
are 32.3, 64.8, 62.4 kHz respectively. Peak 2 frequencies of 4-Nitro Imidazole, Bi(NO3)s,
Pb(NO3)2  are 68.2, 29.4, 27.9 kHz respectively. In argon backing gas, the lead nitrate and

bismuth nitrate are separated each other on frequency scale.

In Air background gas, Bi(INO3); peak frequencies of peakl and peak 2 are separated from the
Pb(NOs3)2 and 4 N-imidazole, shown in fig. 5.10. Where as in argon backing gas, 4 N-imidazole
is separated from the remaining, shown in fig. 5.11. In both Air and Argon environments, if
the peak 1 lies close to audible range then peak 2 frequencies are in ultrasonic, this is vice versa.
From these observations, even though we are using same target samples under similar
experimental conditions, the background gas environment is playing role to optimize the

central peak frequencies of both peak 1 and peak 2.
5.4 ps LIB of RDX, CL-20, NaN3; and TNT:

In this section the effect of increased intensity using shorter laser pulses on the acoustic

emissions from HEMs is presented.

Table 5-5. Structure, molecular formula, and number of Nitro groups of TNT, RDX, CL-20
and Sodium Azide.

Sample Number
Chemical
Name Structure IUPAC nomenclature of Nitro
Formula
groups
CH;
NO NO, 2-Methyl-1,3,5-
TNT | GH:N:Oq 3
trinittobenzene
NO,
NO, .
N 1,3,5-Trinitroperhydro-
RDX CsHeNOg Y
oMo, 1,3,5-triazine 3
O,N— _NO, 2,4.6,8,10,12 - hexanitro -
O,N N\ !\l /NOZ
CL-20 C¢Ni.HcO1 2 \N/—_J\N 2,4.6,8,10,12 - 6
NO
O~y R NTC hexaazaisowurtzitane
Na*t
Sodium
Aid NaN; Sodium Azide -
zide
N' N+._N-
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The samples used here are RDX (research developed explosive), TNT, CL-20 (2,4,6,8,10,12 -
hexanitro-2,4,6,8,10,12- hexaazaisowurtzitane), Sodium Azide (NalN3). The chemical formulae,
structure and number of nitro groups are tabulated in table 5-5. Powders of these samples were

taken and made into pellets.

In this section we present the ASWs due to ps-LIB of HEMs commonly known as RDX, CL-
20, NaN; and TNT. The IUPAC nomenclature, structure and chemical formula are given in
table 5-5. 1,3,5-Trinitroperhydro-1,3,5-triazine commonly known as RDX (Research Developed

Explosive) is developed during world war II and is reported to be more stable both chemically and

thermally compared to other HEMs like PETN, TNT, Picric acid.

Sodium azide used in car air bags, airplane escape chutes and it is a good precursor for

inorganic azide substances like lead azide and silver azide which are primary explosives.

Here, laser is incident on the sample from top, as shown in fig. 5.6. Here we have used the 110
mm focal lens and the microphone to plasma distance is 8.5 cm. Since we are using ps laser
pulses, the intensities at focal point are two orders of magnitude more than that with nano
second laser pulses. Since we are using HEMs, care was taken to avoid any sympathetic
detonation causing physical damage of optics. The acoustic emissions of these explosives at
two different laser energies of 6 and 12 m] is studied. The ASW parameters at 6 and 12 m] of
laser energy were tabulated in table 5-6.

Table 5-6. ASW parameters of ps-LIB of RDX, CL-20, TNT and Sodium Azide at 6 and 12
m] of laser energy.

Signal energy
Peak pressure | Arrival time - +ve peak width Velocity
.sec
Sample (kPa) (us) (us) m/sec
x 107

6mJ | 12mJ] |6m] |12m]J | 6m] [ 12m] | 6 m] | 12m] | 6 m]J | 12 m]
RDX | 244 | 289 |2354 | 2342 | 1.246 | 1.66 | 1251 | 1342 | 361.1 | 362.9

CL-20 | 251 277 | 235.6 | 232.7 | 1.33 1.67 7.01 10.31 | 360.8 | 365.3
TNT 2.53 3.27 | 235.8 | 233.3 | 1.22 2.14 8.28 11.94 | 360.5 | 364.3
NaN; | 2.46 316 | 237.4 | 2343 | 1.32 2.31 8.74 11.99 | 358.0 | 362.8

A faster arrival time of ASW from RDX, CL-20, TNT compared to NaNj; can be attributed to
the presence of NOz group which is reported to dissociate at lower temperatures [24]. The

laser matter interaction is different at various laser energies. At 6 m] of laser energy the TNT
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produces 2.53 kPa pressure whereas at 12 mJ, 3.27 kPa peak pressure is produced. Rise in peak
pressures with laser energy is presented in fig. 5.12. The +ve peak width of ASWs at 6 and
12m] laser energies follows the order RDX> NaN3> TNT> CL-20. Whereas this order is not
followed by the peak pressures at two energies. The peak pressure, arrival time, signal energy,

+ve peak width and velocity of ASW's are presented in table 5-0.
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Fig. 5.12. Peak pressures for RDX, TNT, CL20 and Sodium Azide (NaN3) for 6, 12 m] laser
energies.

The acoustic shock waves generated from the ps LIB of HEMs, has higher velocities
than the sound velocity of 335 m/sec at ambient atmosphere. There is a rise in ASW velocities
w.r.t incident laser energy. The acoustic peak pressures are plotted for both 6 and 12 m] of

laser energies. Peak pressures are high for 12 m] laser energy than the 6 mJ, shown in fig 5.12.

As the laser energy is increased from 6 to 12 m]J, the frequency peak shifts from ultrasonic to
towards audible range. The behaviour of spectrum is almost same for all the samples at both
energies, but peaks and their amplitudes are different. Fig. 5.13 shows the spectrum of CL-20

obtained for the two energies used.
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Fig. 5.13. Spectrum of ps-LIB of CL.-20. The spectrums at two laser energies of 6, 12 m]J. The
spectral response is same for both energies. PSD value is high for 12 m] spectral peak than the

6 mJ.

If a spectrum contains three fitted frequency peaks, the peak with highest PSD is
considered as peak 1, as presented in earlier chapters. The same order is applied for remaining
peak also like peak 2, peak3. For 6 m] of laser energy, we presented the peakl and peak2
frequencies vs their PSDs for four samples, fig. 5.14.
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Fig. 5.14. Peak frequencies (Lorentz fitted) vs PSD values presented in spectrums of ps LIB
of RDX, TNT, CL-20 and Sodium azide (NaN3) samples, at a fixed energy of 6 m].

Clearly peak frequencies are well separated from each other for all samples at 6 m]
energy. Peak 1 frequencies are observed over range of 51 to 72 kHz, whereas peak 2 covers

over 50 to 115 kHz range.
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Fig. 5.15. Peak frequencies (Lorentz fitted) vs PSD values presented in spectrums of ps LIB
of RDX, TNT, CL-20 and Sodium azide (NaN3) samples, at a fixed energy of 12 m]. Each
data point is a different colour sphere.

At 12 m], the peakl and peak2 frequencies with their PSDs are presented in fig 5.15. For
RDX, NaNG, the peak 2 frequencies are close to each other, but their amplitudes are different.

At 12 m] laser energy also, the peak frequencies are well distinguished from each other.

5.5 ns-vs ps- LIB of TNT

TNT sample is exposed to both ns and ps laser pulses at 12, 25 m] energies respectively.

9. ~-=--ps LIB-12 mJ
ns LIB-25 mJ

LIB- TNT

o

Pressure (kPa)
N

220 240 260 280
Time (us)

Fig. 5.16. Time domain signals, of ns and ps -LIB of TNT sample at 25 m] and 12 m] of laser
energies respectively.

ns-LIB and ps-LIB of TNT sample generated acoustic signals and their corresponding

acoustic spectra were presented in fig. 5.16 and 5.17 respectively. Here laser energy for ns
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pulses is 25 m] and for ps pulses is 12 m]. This fig. 5.17 shows the effect of laser pulse duration
on ASWs. ns LIB generates more acoustic pressures than the ps LIB of same sample under
similar focusing geometry. The +ve peak width for ns-LIB of TNT produced ASW is 11.52

us whereas 8.28 us is for ps-LIB. There is difference in remaining acoustic parameters also.

The spectral amplitude is higher for ns-LIB of TNT than the ps-LIB, shown in fig. 5.17. The

range of spectral response is same but, the peak frequencies are different.

6- ' — ns LIB-TNT

s

N

20 40 60 80 100 120 140

w

PSD (V?/Hz) x 10°°
o

1

e
-
1

E=12 mJ i --—--ps LIB- TNT

—
1
-
-
-~
-
1

"""Tﬂ 1 .""r . -.“':F."""';--. ,. ':"'a.-,-_
0 20 40 60 80 100 120 140
Frequency (kHz)

Fig. 5.17. Lorentz fitted spectral peak frequencies for both ns, ps LIB of TNT sample.
5.6 Summary:

We presented the time domain acoustic parameters of ASW such as peak to peak pressure,
signal energy, +ve peak pulse width, velocity for the HEMs available to us. Acoustic

parameters are obtained to be dependent on the material properties.

ns and ps-LIB of HEMs in pellet form studied, have shown higher peak pressures longer +ve

peak width and higher acoustic shock velocity compared to that of atmospheric air.
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LIB of Argon gas generates the more acoustic peak pressures than the N2 and Air. The lower
thermal conductivity of Ar gas confines the plasma more than the remaining background gases,
resulting in enhancement of acoustic parameters. The laser induced breakdown of 4-Nitro
Imidazole, Lead nitrate (Pb(NOs)> ), Bismuth Nitrate (Bi(NOs3)2) samples were done in
background gases of Ar and ambient Air. We observed that, peak pressure and peak
frequencies are enhanced in Argon background gas environment than the ambient Air.
Distinct spectral features were noticed from one gas environment to another one for a
particular sample. In Air as background gas, Bi(NO3)2 peak frequencies of peakl and peak 2
are separated from the Pb(NOs3)2 and 4 N-imidazole. Where as in Argon ambient, 4 N-

imidazole is separated from the remaining.

ns LIB of AN, DNT, TNT and NTO were presented at two laser energies of 25, 40 m]. The
ASW parameters are function of laser energy because higher laser energy rises the plasma
species and leads increase in pressure and temperature gradients. ps-LIB of RDX, CL-20,
NaNj3 and TNT were presented at two laser energies of 6, 12m]. The acoustic parameters were
tabulated clearly. The peak frequencies of target samples are well separated at two laser

energies.
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CHAPTER 6: ASW emissions from
interaction zone of two counter propagating

laser generated shock waves in air

Abstract:

The acoustic emissions due to interaction of two counter propagating laser induced
ablative shock waves is presented in this chapter. These two laser plasma induced
shock waves were formed by focussing two counter propagating ns laser beams
derived from a common laser source. The laser energies of two incident laser beams
were varied with respect to each other. The distance between two plasma sources is
changed by moving the focusing lenses towards and away from each other. The
acoustic features at various separation distances between the two plasma sources were
presented. The interaction between two shock sources (plasmas) is observed to effect
the peak-to-peak pressure of resulting acoustic shock wave. The characteristics of
interacting shock waves studied through the acoustic diagnostics are observed to give

an insight into distribution of plasma into surrounding atmosphere.

6.1 Introduction:

Laser generated acoustic shock waves (ASW) are analogous to small sized blast waves
and simulate the sonic booms and associated propagation effects in a laboratory scale
effectively. These waves have more reproducibility than other existing methods such as
electrical spark, hence can be used as a better diagnostic tool for characterization of a single or

multiple blasts and their interactions.

Dual plasma method is being used by researchers in various laser based processes such as
pulsed laser deposition (PLD) technique [1, 2], signal enhancement in LIBs based analytical
techniques [3], simulating Astrophysical conditions on a table top [4], inertial confinement of
laser fusion. Various methodologies like varying background gases, laser intensity, pulse width
etc. are used to enhance the plasma parameters that in turn have increased the efficiency of
various processes. One of the good method to enhance the plasma is dual plasma or double

plasma. There are different schemes to form dual plasmas like, cross—beam [1, 2], parallel
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propagating plasmas in which time delay between two incident laser pulses (pre and main laser
pulse) is varied [3, 5], two laser beams producing plasmas normal to each other with varying
spatial separation between two plasmas. Theoretical and experimental studies were also
performed on the colliding plasmas or dual plasma [6] that were analysed by CCD imaging,
ion emission analysis and optical emission spectroscopy [7, 8] . The interaction of two shock
waves (SW) emitted from the dual plasma can also be considered as an interaction of two fluids
with high velocities. During the expansion of two plasmas w.r.t time and space, the meeting
point of two plasma called as stagnation layer, at which the density and temperature lasts for a
longer duration due to an interesting dynamics of the energy conservation are reported [9].
However acoustic studies on the two plasma sources produced by two counter propagating
laser beams are not present. Hence in this chapter, the effects of interaction of two counter
propagating SWs were studied and analysed by using acoustic shock wave (ASW) detection.
This interaction of two plasmas and their shock waves resembles the interaction two fluids
with variable impedances (impedance, z = pu, p is density, u sound velocity). Here the density
of the plasma sources is varied by varying the laser energy resulting in SWs of varying pressures.
ASWs due to interaction of two plasmas having equal and un-equal densities, is presented here.
The parameters of ASWs helps to understand the both plasma and shock wave interaction at

the interaction zone.

6.2 Experimental details

Two laser beams in a counter propagation geometry forms two LIB created plasmas. Two
lenses L1 and L of same focal length of 78 mm are used to focus incident laser pulses. S; and
S are the two micro blasts or plasmas formed by lens I; and L respectively. These plasmas
were collinear and spatially separated by a distance (d). The two lenses Li and L are placed on
two individual micro controller translational stages in order to vary the separation distance ()
between two plasmas as shown in fig. 6.1. Both the laser beams/pulses are propagated such
that both the counter propagating beams travel same optical path after the beam splitter (BS).
This ensured that both the pulses overlap in time at the interaction zone #=0. When two
plasma plumes are superimposed on each other, 4is zero. The separation distance varied from
0 to 15 mm. The plane where two shock wave interacts is named as interaction zone, which
is normal to the incident laser propagation direction. The microphone is placed at 8 cm away
along normal to the laser propagation (fig. 6.1). Microphone is connected to oscilloscope for

data acquisition.
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Nd: YAG,
7ns, 532 nm

CCD
. camera

Lens L1 Interac?lon zone

Fig. 6.1. Experimental schematic of counter propagation of two shock waves. BS is beam
splitter, .1 and 1.2 are two Plano convex lenses of focal length 78 mm. Separation distance
between two plasmas is d, it is variable. Microphone is fixed at a distance of 8 cm from the
laser propagation axis. Interaction zone, where two plasmas meet each other.

The spatial evolution of plasma plumes and their separation is imaged using a CCD
camera (SP620U) placed perpendicular to the laser propagation direction. Here the laser energy

is measured before the lenses to know the exact laser energy creating the plasma sources.

An ICCD camera based imaging of the spatio temporal evolution of plasma plume and blast
wave generated using shadowgraphy technique [10] is also performed to correlate the ASW to
that of plasma induced SWs. Some of the representative shadowgrams of the dual plasma

(counter wave propagation) are shown in fig. 6.2.

The shadowgrams are presented for better understanding of the process and clear visualization
only. The shock properties are out of the scope of the thesis, hence are not presented. Plasma
one (S1)-plasma two (Sz) interaction takes place at lower separation distances (d), clearly shown
in fig. 6.2. Shock front (SF), Contact front (CF) and Interaction zones are cleatly highlighted
in fig. 6.2. Interaction of SF1 and SF2, CF1 and CF2s of two plasmas is observed at the
interaction zone. The evolution of interaction zone w.r.t time (at various time scales,
shadowgraphs) is observed in an entire series of shadowgrams and is presented elsewhere [11].

As the separation distance increases, then the shock wave-shock wave interaction starts.
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As shown in experimental schematic, laser beam passes through the beam splitter (BS)

resulting in two counter propagating laser beam before they are focused at two different points

forming plasma (S1 and Sz). Our aim is to understand the evolution of ASW due to interaction

of two plasmas with equal and un-equal impedances. In order to achieve this, we have used

different beam splitters with R: T of 50:50, 40:60 and 20:80.

By using a beam splitter with R: T= 50:50 similar laser energy is used to form plasma sources,

images are shown in first row of fig. 6.2. This scenario is mentioned as case of equal

impedances where impedance, z = pu. When the beam splitters with R: T of 40:60 and 20:80

are used the two plasmas were not same in their properties, then we call them as case of un-equal

impedances, images are presented in second and third rows of fig. 6.2. Each laser energy forms a

plasma with particular properties. Plasma properties are function of incident laser energy and pulse

width [12]. The cases of equal and unequal impedances is studied by varying the total input laser

energy.

Fig. 6.2. Shadwographic images of dual plasma, formed due to counter propagation of two ns
laser beams. Experiments are done with three beam splitters of 40: 60, 20:80 and 50:50 and at
time scales of 4, 8, 16 and 30 p secs. First row is 40:60 BS (left plasma formed due to 21 m] of
laser energy whereas right one formed with 42 m]J). Interaction zone is clearly highlighted in
first row second image, this image is taken at 8 micro sec from the laser pulse. Second row is

20:80 and third row is 50:50 BS.

132



ASW emissions from interaction gome of two propagating laser generated shock waves in air

6.2.1 Optimization of microphone position w.r.t plasma

As the plasma sources are cylindrically symmetric, positioning the microphone at an
appropriate distance is essential to understand interaction of plasma sources. For this the
experimental schematic as shown in fig. 6.3 is adopted, z=0 is chosen as the focal planes of the
lenses and is aligned to be the normal of the microphone diaphragm. Microphone and line joining
plasmas are separated by 80 mm distance. Now the microphone is moved along a line parallel to
the line which joins the two plasmas as shown in fig. 6.3 (a). When source 2 (S;) presents (source

1 absent), we performed the acoustic scan of plasma from -10 to 10 mm (z- position) distance.

=+10 mm
w
i -9
(=]
1

Z=-10 mm
I=-4 mm
Z=-1 mm
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Fig. 6.3. (a) Microphone position vs the peak pressure for a single source (Sz plasma) at laser
energy of 25 mJ (S1+2= 50 m]). Microphone scan starts from z= -10 mm to +10 mm. (b)
Source (S2) is exactly at z=-1 mm position of microphone (indicated with red line), so peak
pressure is maximum at this point.

As shown in fig. 6.3, when microphone is exactly straight to the plasma (here z=-1 mm)
then the peak pressure is maximum than the remaining positions of microphone. Once
microphone is moved away from the vicinity of the plasma (shown in fig. 6.3 (a)), then pressure
response will decrease rapidly, shown in fig. 6.3 (b). The same behavior of pressures is showed by
the dual plasma also w.r.t microphone position, presented in fig. 6.4. Here for the dual plasma the
acoustic measurements are taken when microphone is at z=0 position, i.e interaction zone of two
plasmas or shock waves, as shown in experimental scheme of fig. 6.1. For dual plasma, the
position of microphone with respect to interaction zone is clearly shown in fig. 6.5 (a). The
peak pressure is maximum from the dual plasma (S1+2 is 50 m]) at microphone position of

z=0, shown in fig. 6.5 (b).
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Fig. 6.4. (a) Position of microphone from the interaction zone point of two shock waves,
(b) normalized peak pressures from the dual plasma (two plasmas are present and separated
by 2 mm distance) at various positions of microphone. Peak pressure is maximum at z=0
microphone position for 50:50 BS and laser energy of Si+2 is 50 m].

For dual plasma also, the pressure fall off as move away from the plasma as observed

for single source. The way two sources interact is presented in fig. 6.2 at various time scales.

Table 6-1. Arrival times information of single and dual plasma at 2 and 22 mm separation
distances. Here the total energy is 100 m].

Arrival time (usec)
Source Separation distance = 2mm | Separation distance=22mm
Si 224.58 226.3
Sz 224.5 226.5
Si+2 220.9 226.16

The given laser energy of 100 m] is distributed equally and forms two plasmas. Since these two
plasma or sources are formed at same experimental conditions (same focal geometry and laser
energy) these two sources are having similar properties. When two plasmas are separated by
22 mm (d) distance the arrival time of ASWs from the Sy, Sa, S1+2 are 226.33, 226.5 and 226.16
usec respectively. Whereas, at a distance of 2 mm, the arrival time of ASWs from the Si, Sz,

Si+2 are 224.58, 224.5 and 220.9 psec respectively.
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This cleatly indicates that at a lower separation distance, the interaction of plasma/SWs is
higher leading to higher acoustic pressures. With increasing distance the plasma interaction has
reduced resulting in a smaller peak pressure. When two plasmas are present, the arrival time
of dual plasma is less than the individuals at two separation distances. From this we can say
that, the ASW received by microphone is from the interaction zone of two SWs and the gross
features of interacting plasma plumes/SWs can be understand by acoustic measutements. As
shown in the shadowgrapic image (fig. 6.2) of dual plasma, as the time evolves, two SWs meet

at interaction zone and travels towards the microphone with higher velocities.

6.3 Case of Equal impedances

Here we have used beam splitter of R: T = 50:50 to get two equal plasmas with similar
properties that expand similarly, hence two plasmas atre taken to have equal impedances. Acoustic
properties from single, plasma source and that of two plasma sources are compared to explicitly

bring out the interaction of plasma sources.

6.3.1 Comparisons between single and dual plasma

Single plasma source at 50 m] of incident laser energy generated ASWs with pressure of
4.7 kPa. The incident laser energy 50 m] is divided into two sources each of 25 m] and focused
through lenses of same focal length (78 mm). The individual pressures from plasmal, plasma2
are 3.38, 3.44 kPa respectively. This resulted in two plasmas with equal impedances. As
mentioned above, the resultant pressure varies as a function of separation distance. A

maximum ASW pressure of 6.49 kPa at 14 mm separation distance is observed in this case.

As we increase the separation distance between two plasmas, the resultant ASW pressure starts
increasing from 4.9 kPa and reaches to 6.59 kPa. This ASW pressure 6.59 kPa is greater than
the 4.7 kPa, which is produced by single plasma source. The time domain signals due to single
source (S1 or Sz) and due to dual plasma (Si+2) at a separation distance 4= 14 mm is shown in
fig 6.5. Arrival time of ASW from single plasma of 50 m] is 224.58 us, whereas 225.03 us is
the arrival time from dual plasma (25 mJ+25 m]) source. For single 25 m] plasma, the arrival
time is 227.6 ps. the variation of arrival times clearly indicate the dependence of input laser
energy on the acoustic signals [12]. From fig. 6.5 it is evident that the arrival time of ASW at
detector due to dual plasma source is slightly smaller, however, the peak pressure is larger by
1.84 kPa. This confirms that a simple acoustic signal can point out the variations due to

interacting atmosphere plasmas.
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Fig. 6.5. ASW time domain signals from LIB of air at laser energies of 50 and 25+25 m] for
a separation distance of 14 mm. Peak pressures of single and dual plasma are 4.75 and 6.59
kPa, respectively. Dual plasma generates the more acoustic pressures than the single plasma
under fixed laser energy. Inset shows the plasma plume image integrated over 32 ms. CCD
images are at 2 mm separation distance.

For the detection of materials one of the good spectroscopy technique is laser induced
breakdown spectroscopy (LIBS). In this LIBS studies, enhancement in signal is more in the
case of dual plasma than that of a single plasma [3]. Dual plasma generated ASWs are more
intense than the single plasma produced ASWs, shown in fig. 6.5. In the case of 100 m] laser
energy generated 0.8 kPa pressure at the detector whereas dual plasma due to 50 mJ+50 m]

sources produced the 10 kPa at 28 mm separation distance as is shown in fig. 6.6.

Arrival time of ASW from single plasma of 100 m] is 219.6 us whereas from the dual plasma
of 50 mJ+50 m] is 227.9 us at a separation distance of 28 mm. The arrival time due to dual
plasma is more than the single plasma even though acoustic pressures are higher for dual
plasma. Here the separation distance is 28 mm, so the arrival time of 50+50 m] is greater than
100 m]J. As the separation distance increases the arrival time also increases. Because the ASW
has to reach the interaction zone and interact with the second ASW (the ASW path is shown
in fig. 6.1). At interaction zone pressure is enhanced and then it travels to the microphone. So,

as the distance increases, the arrival time increases and pressure varies accordingly.
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Fig. 6.6. ASW signals from LIB of air at laser energies of 100 and 50 mJ+50 m] for a
separation distance of 25 mm. Peak pressures of single and dual plasma are 6.8 and 10 kPa
respectively. Dual plasma generates more acoustic pressures than the single plasma under fixed

laser energy. Inset shows the plasma plume image integrated over 32 milli sec. CCD images
are at 2 mm separation distance.

6.3.2 Total energy 100 m] (Si+2)

Here we present the evolution of acoustic properties due to equal energies of 50 m]J to

both the sources S1 and Sz to form plasmas of equal densities and temperatures.

The acoustic peak pressure, arrival time, signal energy of ASWs emitted from single plasma
and dual plasma for 4= 2 cm are tabulated in table 6-2. The detector is placed at 80 mm from
the interaction zone. Since we are using same energy for both the sources, the acoustic
parameters are also same for individual plasmas. The resultant peak pressure from dual plasma
when two plasmas are separated by 2 mm is 6.55 kPa. The variation in peak pressures w.r.t
separation distance is presented in fig. 6.7. The interaction of dual shock waves captured using

shadowgraphic imaging is presented in inset of fig. 6.7.
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Fig. 6.7. Separation distance vs peak pressures from dual plasma for 50:50 beam splitter.
Linear fits with two slopes are mentioned in above graph. From 0-19 mm and 20-28 mm the
slopes of linear fits are 0.2 and 0.01 respectively. In set shows that the shadowgraphic image
of interaction of counter propagating two shock waves at 2, 5, 10 mm separation distances.
Images are presented here are taken at 30 psec time from the plasma initiation.

The arrival times at various separation distances of dual plasmas shown in fig. 6.8. A simple
linear fit with slope of 0.27 shows that plasma sources keep interacting continuously for a longer
separation distances. For 4 =0 to 19 mm, the pressures are increasing linear with the slope of 0.2.
The maximum peak pressure from dual plasma is 9.97 kPa, which is greater than the sum of
individual pressures (4.75+4.75= 9.5 kPa< 9.97 kPa). After 20 mm the pressures are almost
saturated, indicating stagnation of plasma interactions. This confirmed by the shadowgraphic

images also. As the separation distance increases the arrival time also increases. This is due to

2
the fact that the ASW from each source has to travel an extra distance which is ,[80% + (%j

as shown in fig. 6.3. So, as the distance increases, the arrival time also increases, shown in fig.

6.8 (a).
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Fig. 6.8. Separation distance vs arrival time of ASW from the dual plasma for 50: 50 beam
splitter. Here total energy is 100 m].

At a separation distance of 1 mm, the ASW velocity is 363.4 m/sec, it is more than the
sound velocity (344 m/sec at STP). This velocity is decreasing from 363.4 to 351 m/sec as
the separation distance increases from 1 to 28 mm. The linear fit to the ASW velocity is with

decreasing slope of 0.4, shown in fig. 6.8 (b).
6.3.3 Total energy is 50mJ (Si+2)

In this subsection, we present the evolution of acoustic properties when total laser energy of
50 m] is divided into 25 m] each forming plasmas having equal impedances. The acoustic

parameters ASWs from individual and dual plasma, are tabulated in table 6-2.

Table 6-2. The ASW parameters of independent Sy, Sz sources and Si+2 with a separation of
2 mm. The laser energies supplied to two sources is 50 m] and 100 m] respectively.

ASW parameters
Signal energy
Peak pressure (kPa) Arrival time (us)
X 10-5V2.sec
S1+2=50 S1+2=100 S1+2=50 S1+2=100 S1+2=50 S1+2=100
m] m] m] m] m] m]
S1 3.378 4.75 227.6 224.6 1.86 3.9
S: 3.44 4.74 227.3 224.5 1.92 3.9
Si+2 4.97 6.55 223.8 220.9 4.38 8.09

ASW pressures from two individual plasmas are having same values with in the limitations of the

experimental errors. ASW pressure, signal energy is high from dual plasma than from the individual
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plasmas. The peak pressures from dual plasma vs separation distance were presented in fig. 6.9

tfor 50:50 beam splitter.
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Fig. 6.9. Separation distance vs acoustic peak pressures for 50:50 beam splitter, at total energy
of 50 mJ. ASW peak pressure behaviour is fitted to three lines of slopes 0.14, -0.06, -0.55.
The peak pressures increase with separation distance up to 14 mm. The actual sum of
the peak pressures of individual ASWs is 6.8 kPa. At the separation distance of 14 mm, the
peak pressure from the dual plasma is 6.59 kPa. After this 14 mm, the peak pressures have
started falling with different slopes, as shown in fig. 6.9. The peak pressures have started
saturating between 14-20 mm and have reduced drastically beyond 20 mm. This clearly

indicates that the plasma interaction is minimal beyond a separation of 20 mm.

The separation distance vs arrival times of ASW from the interaction zone are presented in
fig. 6.10 (a). As the separation distance increases, the arrival time increases. From 0 to 15 mm,
the arrival times are increasing with slope of 0.29. Whereas after 15 mm, the slope is close to
straight line with slope of 0.02. The stagnation of interaction is indicated by saturation of A

or velocity.
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Fig. 6.10. Separation distance vs arrival time of ASWs from dual plasma. Here total energy is
50 m].

The ASW velocities were decreased from 1 mm to 15 mm separation distance, after that it
becomes close to saturation. The ASW velocities at Imm, 15 mm separation distances are 357.0,
351.5 m/sec respectively. Here the linear fit to decrement in velocity has the slope of -0.46 till 15
mm, it indicates the rapid fall of velocity whereas the slope is -0.03 from 15 mm to 28 mm, which
is close to zero and it indicates the saturation of velocity, as shown in fig. 6.10 (b). The velocities
are less for 50 m] of laser energy than the 100 m], it is due to the fact that higher laser energies

generates the plasma with higher pressures, densities and temperatures.

Spectral response of ASWs for the case of equal impedance with individual laser energies (S; or
Sz) of 25, 50 m]J, and S+, is shown in fig. 6.11. Since we are using the same laser energy to form

individual plasmas, the spectra of both Sy, S, are superimposed on each other, shown in fig 6.11.

In the case of each source having 25 mJ, the peakl from both the sources of S; and S, is centered
at 54 kHz. Whereas the frequencies of peak2 are centered at = 109 kHz for S; and S, respectively.
When the dual plasma source (Si+2) present the peaks have shifted towards lower frequencies of
40 kHz and 94 kHz. While in the case of plasma sources generated using 50 m] source, each source
emitted frequencies of peak 1 is centered at 36 kHz. Whereas the frequencies of peak?2 are centered
at 89 kHz for Sy and S; respectively. When the two plasmas are interacting the emitted frequencies

shifted towards 30 kHz and 76 kHz respectively.

In the case of dual plasmas both the peak frequencies has shift to lower acoustic frequency. This
clearly indicates the interaction of plasmas/SWs leading to localization of acoustic frequencies/
energies. When 50 m] of laser energy is used in each source due to interaction of plasmas an

additional acoustic frequency = 110 kHz is confirmation of interaction of plasma/ SWs. With
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increasing energy of individual source the second peak has shifted towards the lower acoustic

frequencies as expected [12].
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Fig. 6.11. Spectral response of ASWs for 50:50 beam splitter and individual laser energies of
50, 25 m]. Two individual plasmas are having same spectral peak. The separation distance is 2
mm for dual plasma in this case.

6.4 Un-equal impedances (un-equal densities)

In this section, acoustic properties due to interaction of two plasma sources of different
properties are presented. These two sources were generated using different input laser energies.
Hence they will have different densities and lead to SWs of different velocities. These in turn will
have different impedances. In order to get two plasmas with un-equal impedances, we have used

two different beam splitters with R: T=40:60 and 20:80.

6.4.1 Ratio of S;: S,=1: 1.5

In this case the laser energy of 65 m] is distributed into two beams of 24 m] and 41 mJ and
focused using two lenses L1 and Lo. Plasma formed by L1, L2 are named as S1, Sz respectively.
When two plasmas were present, it is indicated by Si+2. Acoustic data taken with only one
plasma source (S1 or Sp) is present compared with the data when two plasmas (S1+2) are present.
The time domain ASW signal from two individual sources Si, S; compared to that of Si+2 is
shown in fig. 6.12. The acoustic signals and their arrival times are shown cleatly in above fig.
6.12. With increasing laser energy from 24 m] (S1) to 41 m]J (S2), the arrival time (A, of ASW
has reduced from 234 to 231 us, while due to counter propagating shock waves (Si1+2) the A:

has came down to 229 us.
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Fig. 6.12. Time domain signals of ASWs emitted from the single plasma (S; and S;) and dual
plasma (Si+2). Laser energies of 24, 41 m] used to form first plasma (S1) and second plasma

(S2) respectively. Arrival times are indicated with coloured lines on signals. Here the separation
distance between two plasmas is 2 mm.

In addition the Py, signal energy has also increased due to the counter propagating SWs
indicating increased energy deposition and the interaction of the SWs. Higher laser energies
produces the high acoustic peak pressures [12], that’s why S; radiates the acoustic signal with
4.34 kPa pressure. When both the plasmas are present, the ASW pressure is 5.5 k Pa and it is
more than the acoustic pressure produced by either S or Si. From this we confirm that, ASW
emitted from the interaction zone is higher than that of the individual plasmas table 6-3
summarizes the important ASW parameters due to Si, S2 and Si+2.

Table 6-3. The ASW parameters of independent Sy, Sz sources and Si+2 with a separation of
2 mm. The laser energies supplied are 24 and 41 m] respectively.

ASW parameters
Peak pressure | Arrival time Signal energy
(kPa) (us) X 10-3V2.sec
S1 3.55 234 2.1
S2 4.34 231 3.2
Si+2 5.52 229 5.5
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The signal energy from Si+2 is almost equal to sum of the signal energy from individual sources
Siand Sz [S1+2= S1 + S2]. At lower separation distances, interaction between the two-plasma
sources takes place but not that of the shock waves, as shown in fig. 6.2. When both plasmas
are present, the resultant peak-to-peak pressure at interaction zone is higher than that of
individual sources. Now we change the separation distance between the two plasmas and
presented the resultant ASW pressure from the interaction zone, shown in fig. 6.13. Acoustic
and shadwographic data was collected simultaneously. To show the separation distance
between the plasmas, the shadowgraphic images at various separation distances of 2, 5, 10, 12

mm are presented in the inset of fig. 6.13.
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Fig. 6.13. Separation distance between two plasmas vs acoustic shock wave peak pressure.
The slope is positive. The slopes are different for different distances. For the separation
distances of 1 to 5 mm, 6 toll mm and 12 to 15mm the slopes (m) are 0.16, 0.33, and 0.1
respectively. In set shows that the shadowgraphic image of interaction of counter propagating
two shock waves at 2, 5, 10, 12 mm separation distances. Images are presented here are taken
at 30 usec time from the plasma initiation.

We observed that the ASW pressure increases as separation distance () increases from
1 mm to 15 mm. Shock waves were fully developed at larger distances of separation (> 6 mm)
resulting in the interaction of two shock waves (blast waves). At these distances of separation,
there is sufficient time to build up shock pressure or strength in the interaction zone. This
leads to larger peak pressures with increasing separation between the shock sources. At 2 mm

of separation, the Py is 5.5 kPa whereas at 15 mm separation, the Py is 8 kPa, confirming a rise

in acoustic pressure increasing with 4. The increment in acoustic pressure is not linear
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indicating that the interaction of two shock waves is a nonlinear phenomenon. The rise in
pressures with  is fitted to linear plot and it is showing three different slopes from 1 to 15
mm. For the separation distances of 1 to 5 mm, 6 tol1 mm and 12 to 15mm the slopes (m)
are 0.16, 0.33, and 0.1 respectively.

For the separation distance of 1 to 5 mm the interaction is majorly due to the plasma plumes while
beyond 6 mm the interaction of shock waves plays a dominant role. The evolution of ASW
pressures due to Si+» with distance clearly indicates that the resultant pressure due to interaction

of SWs for a separation distance of 6 to 11 mm is higher.
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Fig. 6.14. Separation distance vs arrival time and velocity of ASWs, from the dual plasma, for
the beam splitter of 40:60 (1:1.5). Three linear fits for arrival times, with slopes of 0.33, 0.002
(saturation), 0.2 for 1-4mm, 4-7mm, 7-15mm respectively. Here the total laser energy is 65 m]
and divided into 24 and 41 m]. ASW velocity is decreasing with separation distance.

As the separation distance increases the variation in arrival times and ASW velocities
are presented in fig 6.14. The arrival times first increased rapidly from 0-4 mm with a slope of
0.33, then saturated from 4-7 mm with the slope very close zero (0.002), then increased again
till 15 mm from 7 mm with slope of 0.2, shown in fig 6.14 (a). The change in ASW velocities
w.r.t separation distance are presented in fig. 6.14 (b). Rapid fall in velocities from 1 to 4 mm,
then a small hump form 4 to 8 mm, then decreasing very slowly till 15 mm, shown in fig. 6.14
(b). The arrival time (Ay), acoustic shock velocity and Py pressure increase for /= 4 to 8 mm

confirms the interaction of SWs for specific separation distances.

The spectral response of single and dual plasma ASWs is shown in fig. 6.15. The spectral
amplitude is increasing with increasing input laser energy from S; and Sz. A shift of central
frequency towards lower frequency side is observed as expected [12]. With both sources S1and

Sz together the spectral amplitude (PSD) of all the peaks have almost doubled, as summarized
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in table 6-4. Higher laser energy generates frequencies closer to audible range with large

amplitudes.

Table 6-4. Lorentz fitted frequency peaks parameters for the ASWs generated from the dual

plasma which are distributed in the ratio of $1:52 = 1: 1.5.

Peakl Peak 2
Source Central frequency=® Height Central frequency* Height
FWHM PSD x 10°¢ FWHM PSD x 10°¢
Si 50.8%£36.7 1.98 108.62£30.58 0.77
Sz 40.23+30.8 2.85 95.31+39.6 1.6
Si+2 33.48+25 4.73 87.6£50 2.83

The Lorentz fitted central frequencies of peak 1 for S1, S2, S1+2 are 50.8, 40.23, 33.48
kHz and their corresponding FWHM values are 36.7, 30.8, 25 kHz respectively. The frequency
and FWHM are proportional to each other for peak 1, whereas for peak 2, dual plasma (Si+2)
has more FWHM than the S; and S», presented in table 6-4. In the case of Si+2 an additional

frequency ~ 120 kHz is observed.

Fig. 6.15. The acoustic spectra for ASWs emitted from single plasma and dual plasma. The

e =A- 54724 mJ
$4:8,=115 1

40

80

Frequency (kHz)

peak frequencies are 52, 40, 34 kHz for Si, Sz, S1+2 respectively.
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6.4.2 Ratio of S;: S, = 1:4

In this subsection we present the results of ASW when a total laser energy of 140 m] is split
into two beams such that = 24.5%2.1 m] is focused by L; and 101.7£1.5 m] is focused by L. This
results in forming of two plasmas with different properties, i.e plasma temperature and density

hence with different expansion into the ambient.

When two plasmas were present, the acoustic peak pressures, arrival times, signal energies etc, will
be varied w.r.t plasma—plasma separation distance. Plasmas of S; and S, generates the peak
pressures of 3.9 and 6.76 kPa respectively. When the two plasmas (Si+2) were present with a
separation distance of 2 mm, the peak pressure is 7.9 kPa and it is greater than the peak pressure
produced by either of the breakdown plasma. Its arrival time is 218.5 ps which is less than the both
individual arrival times, shown in table 6-5. The signal energy is also more for ASW generated by

dual plasma than the remaining two individual values.
Table 6-5. The ASW parameters of independent Si, Sz sources and Si+2 (dual plasma present)

with a separation of 2 mm. The laser energies supplied to St and Sz are 24.5+2.1 and 101.7+1.5
m] respectively. The microphone is kept at a distance of 80 mm.

ASW parameters
Peak pressure Arrival time Signal energy
(kPa) (us) *10->V2.sec
S1 3.92 234 2.57
S2 6.76 219.6 8.71
Si+2 7.9 218.5 12.2

Table 6-5 shows that, the dual plasma produces the shock waves with different features than the
single plasma generated ASWs. The evolution of ASW pressures with separation is plotted in fig.
6.16. The interaction of the two plasma sources is analogous to interaction of two fluids with
different densities. We are observing the ASW parameters at interaction zone. The pressure
starts at 7.54 kPa and increases up to 8.47 kPa then decreases to 7.69 kPa and again rises
continuously up to 9.79 kPa as shown in fig. 6.15. The entire behaviour of peak pressures w.r.t
distance is fitted to four linear fits with four different slopes. From 0 to 7 mm, 7 to 9 mm, 9
to 13 mm, 13 to 19 mm the slopes are 0.1 (+ve), (= 0, straight-line), -0.19 (-ve), 0.4 (+ve)
respectively. The pressures are increasing rapidly from 13 to 19 mm separation distance. After

19 mm we have not carried out measurements, due to threshold limitation of microphone.
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Fig. 6.16. Separation distance vs peak pressures for the interaction of plasma sources with 1:4
impedances. Individual laser energies of 24.5, 101.7 m] forms the two plasmas of Sy, So.

The separation distance vs arrival times of ASW from the interaction zone were plotted
in fig. 6.16. The ASW from the interaction zone takes more time to reach the microphone as
we increase 4. During the expansion of plasma, the SW leaves the plasma and propagates into
surrounding atmosphere with higher velocity. At longer time scales, it appears as a spherical
wave. Since we are increasing the separation distance between two plasma, along with their
major axis, SW takes more time to interact with each other leading to pressure variations. This
ASW has to reach microphone from the interaction zone. Hence the arrival time is increasing
as we increase the plasma-plasma separation distance, shown in fig. 6.17 (a). This also confirms
that the interaction will be controlled dominantly by the source with higher energy Sz. With
increasing separation distance (4) the arrival time was observed to increase at two different
rates. Up to 12 mm separation the arrival time increased with a lesser slope (m= 0.19)
indicating that the shock velocity is reducing slowly (m=-0.32) while beyond a separation of
12 mm A increased with a higher slope (0.48) indicating that shock velocity has started
reducing drastically (m=-0.78), shown in fig 6.17 (b). This clearly indicates that the interaction
of SWs from S;and S; is predominantly occurring beyond a separation of 12 mm for the

present ratios of S1 & Sa. The ASW velocities behaviour also plotted w.r.t separation distance
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and fitted to linear function. Variation in velocities w.r.t separation distance were presented in

fig. 6.17 (b).
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Fig. 6.17. Separation distance vs arrival time and velocity of ASW emitted from dual plasma
for the 20:80 (1:4) beam splitter. Rise in arrival time linear fit shows the two slopes of 0.19,
0.48. Linear fit to the velocity shows the two slopes of -0.32, -0.78. Slopes are indicated with
letter ‘m’.

The spectral response of ASWs from single and dual plasma for S1:S;= 1:4 is presented
in fig. 6.18. The spectrum with lower energy source S has two peaks centered at 48 kHz and

100 kHz while the spectrum due to higher energy source Sz has three peaks centered at ~24
kHz, 70 kHz and 96 kHz.
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Fig. 6.18. Spectra for the ASWs, emitted from single and dual plasma. The separation between
the sources is 2 mm. The peak frequencies of spectra are 48, 24, 24 kHz for Si, Sz, Si+2
respectively.
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With increasing input laser energy the PSD has increased with the peaks moving
towards audible range. In this case the peaks due to Si+2 are same as that due to Sz with higher
PSD. This clearly indicates that in the case of S1:S:=1:4 the interaction is dominated by S2
completely. The evolution of spectrum with varying separation is shown in fig. 6.18. The same
spectra are fitted to Lorentz peak function and peak parameters that were tabulated in table 6-
6. The fitted central peakl and peak 2 frequencies of Sz and Si+2 very close with variable PSDs.

Table 6-6. Lorentz fitted frequency peaks parameters for the ASWs generated from the ration
of Si:S2=1:4.

Peakl Peak 2 Peak 3
Central Height Central Central Height
Source

frequencyt PSD x frequency* | PSD | frequency* PSD x

FWHM 10°¢ FWHM FWHM 10°¢

Sy 46.9134.2 2.54 103.3+31.9 1.1 - -
Sz 26.06+21.14 8.49 068.721+23.6 3.9 99.9+48.2 3.13
St+2 25.3%21.46 11.23 09.21+22.97 | 6.72 104.2£36.9 4.56

6.5 Summary

Time domain analysis of ASW from individual as well as counter propagating SWs generated
from the ns LIB of air were presented. The resultant ASW pressures are a function of source
separation distance. For single and dual plasma the acoustic spectral response is also presented.
CCD and ICCD shadowgraphic images are also presented along with the acoustic data to get
a correlation between plasma expansion and acoustic emissions. The acoustic parameters such
as and Py, A and E are observed to be incident laser energy dependent. The presence of two

counter propagating LIB plasma generated SWs has resulted in stronger ASW signals.

Counter propagating dual plasma sources were formed by dividing the incident laser energy
using two beam splitters of 50:50, 40:60 and 20: 80 leading to plasma sources of impedances
1:1, 1:1.5 and 1:4 respectively. Two plasmas with different densities resemble the two un-equal

impedance fluids.

In all the three cases, the interaction of plasma sources has led to ASWs of higher peak
pressures. The peak frequencies of the spectrum indicated presence of newer frequencies. The

results confirmed the interaction of plasma/ SWs. The observed results have also shown that
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the interaction varied with separation between the plasma sources and the incident laser
energies. The results confirm that the acoustic emissions can be a diagnostic tool to understand

atmospheric plasmas and their interactions.
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Chapter 7 : Conclusions and future scope

Investigations on evolution and propagation of ASW from LIB by focusing ns and ps laser
pulses in atmospheric air is presented. The analysis of microphone signal levels was done and compared
for both ns and ps lasers. Also the peak frequencies of both ns and ps acoustic pulses are observed to
be distinct indicating the distinct plasma formation and oscillation mechanisms. Under same laser
energies, the ns pulses have shown better conversion of optical energy to acoustic frequencies
compared to that of ps pulses. With ns laser pulses the acoustic peaks localized over 65-35 kHz. While
with ps pulses, that deliver two orders of magnitude higher peak intensities than the ns laser pulses,
localization of acoustic spectrum towards higher frequencies (60-70 kHz) with less peak pressures is
observed. This brings out the different decay mechanisms for the plasma generated using ns and ps
pulses. The ASWs were found to be more intense and longer with increasing laser energy for both the
cases. Evolution of ASWs from ns and ps LIB of air, as a function of laser intensities achieved via
different focusing conditions were presented clearly. The role of breakdown mechanism for ns- and
ps-LIB are observed to play a major role in the acoustic properties and the evolution of the central
frequencies that followed the plasma profile due to the breakdown. The spatial distribution of the
ASWs around the breakdown region is found to be almost spherical with similar central frequencies.
Moreover, the observed broad band frequencies are widespread in comparison with traditional acoustic
sources with a uniform spatial distribution. Conversion ratio of the laser energy to acoustic energy is
presented. We can optimize the ASW frequencies, which varies from audible to ultra-sonic range by
varying the laser pulse energies and pulse-width. These studies have established a relationship between
the ASW parameters and laser pulse parameters in which the acoustic detection method can be used
in real-time monitoring of laser matter interaction and can augment the traditional LIBS technique.
Using ASW parameters, we can study the plasma properties from long distances. The capability of
generating required ultrasonic frequencies at a standoff distance can also be used for Nondestructive

evaluation studies of components at remote and hazardous locations.

ASW emissions from ns & ps-LIB of various target samples has been studied at various incident laser
energies. Peak pressures, arrival times, area under the curve of both —ve and +ve peaks are plotted w.r.t

incident laser energy. The increment in slopes of peak pressures w.r.t laser energy indicates the
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conversion of optical energy into acoustic energy. With increasing laser energy decrement in arrival

times wete observed, indicating the rise in acoustic shock velocities with laser energy.

Of all the physical parameters like thermal conductivity, electrical conductivity, density, melting point
and boiling point, the time domain acoustic parameters follow predominantly the order of melting
point. For all the different category of materials studied the peak pressure and +ve peak width are
increasing with increasing input laser energy. The peak frequencies obtained applying FFT to time
domain signal of ns- & ps- LIB have given multiple peaks. The important peaks and their PSD values
have shown material specific acoustic emissions. Repetitive ablation of Al using ns-LIB has shown that
the peak pressures are reducing with number of laser shots. Though the peak pressure has reduced,
the frequencies are observed to be remain unchanged. This is an essential setup makes acoustic
emissions a useful tool to augment traditional LIBS. The ratio of +ve peak width to that of —ve peak
height is higher value for 425 micron than the 2 micron particle size at all the densities of 60, 70, 80%.
This same behaviour is observed for both ns and ps LIB.

The laser induced breakdown of 4-Nitro Imidazole, Lead nitrate (Pb(NO3)2 ), Bismuth Nitrate
(Bi(NOs3)2) samples in pellet form were done in background gases of Ar and ambient Air. We
observed that, peak pressure and peak frequencies are enhanced in Argon background gas
environment than the ambient Air. The lower thermal conductivity of Ar gas confines the
plasma more than the remaining background gases, resulting in enhancement of acoustic
parameters. Distinct spectral features were noticed from one gas environment to another one
for a particular sample. Ns LIB of AN, DNT, TNT and NTO were presented at two laser
energies of 25, 40 mJ. Ps-LIB of RDX, CL-20, NaN; and TNT were presented at two laser
energies of 6, 12m]. The acoustic parameters were tabulated clearly. The peak frequencies of
target samples are well separated at two laser energies. Ar gas environment is observed to

generate higher acoustic pressures than N> and Air.

Time domain analysis of ASW from individual as well as counter propagating plasma and SWs
generated from the ns LIB of air were presented. The resultant ASW pressures are studied as
function of two source separation distance. For single and dual plasma the acoustic spectral
response is also presented. CCD and ICCD shadowgraphic images showing the extent of
plasma and SW evolution are also presented along with acoustic data to get a correlation
between plasma, SW expansion and acoustic emissions. Counter propagating dual plasma
sources were formed by dividing the incident laser energy in the ratios of 1:1, 1:1.5 and 1:4.

Two plasmas with different densities resemble the motion of counter propagating fluids of
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the two un-equal impedance fluids. In all the three cases, the interaction of plasma
sources has led to ASWs of higher Peak pressures (stronger acoustic signals). The peak
frequencies of the spectrum indicated presence of newer frequencies. The results confirmed
the interaction of plasmas/ SWs. The observed results have also shown that the interaction
of shock waves varied with separation between the plasma sources and the incident
laser energies. The results confirm that the acoustic emissions can be a diagnostic tool to

understand atmospheric plasmas and their interactions.

7.1 Future plan:

Measurements can be performed to study ablated layer thickness and depth of penetration
material by using the ASW detection technique during the laser mater interaction. In the
presence of high “Z’ inert gases, LIB experiments can be performed to optimize the desired
frequencies. This technique can be further extended to study liquids layers (liquid layer on
material target) to correlate the properties of liquids and liquid- solid interface. By generating
the required laser generated ultrasonic frequencies at a remote location the ASWs from LIB
can be useful tool for non-destructive testing/ evaluation. As these ASWs depends on the
material properties, LIBS being a minimally invasive technique, material characteristics can

be estimated remotely.
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