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Abstract

Laser Shock Peening (LSP) under a thick water confinement layer produces cavitation bubbles

that rapidly expand and collapse emitting at least two shock waves in the surrounding water.

The time between the first shock (laser pulse) and the second shock (first bubble collapse)

is understood as the first bubble oscillation period or bubble lifetime and is evaluated here

for use as a real time process diagnostic in the LSP process. Within this study, it was found

that first bubble oscillation periods could be correlated to an increasing laser power intensity

up to 6GW/cm2. Thereafter, systematic saturation in laser energy transfer occurs. The

saturation, apparent in all tests above this power intensity, is attributed to the laser energy

being absorbed in dielectric breakdown of the water before reaching the target. The stability

of bubble lifetimes was most appreciably improved with the presence of flowing water along

the beam path. The target geometry (corners, cavities, semi-cylinders) produced an overall

change (increase or decrease) in cavitation bubble lifetime that is present regardless of beam

energy, water flow or laser pulse rate. Promising applications for this diagnostic at present

would be in cases of unchanging or predictable target geometries such as large flat or uniform

panels (pressure vessels and aircraft skin structures) with the use of high water flow rates to

maintain the confinement layer along the beam path.
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1 | Introduction

Since the first observation of fatigue in the conveyor chains within the mines of Oberharz,

and the subsequent catastrophic and frequent failures of rail road carriages in the nineteenth

century, mechanical engineers have long have sought to reduce failing metal components [1

.

].

Many post manufacturing techniques have been developed and implemented to increase the

fatigue life of components. Since the vast majority of fatigue cracks start on the surface

of metal parts, surface techniques are most practical when lengthening fatigue life. The

most effective are those that induce compressive residual stresses within the surface of the

susceptible metal part. These residual stresses serve to counteract tensile stresses that would

otherwise open up microscopic flaws (which propagate into larger cracks) on the surface,

making the component last longer in service. A particularly effective technique for inducing

compressive residual stress is a specialised process called Laser Shock Peening (LSP).

LSP makes use of a high power pulsed laser to treat the surface of materials [2

.

]. Similar

to conventional Shot Peening (SP) - which is a standardised practise of impacting metal

components with hard spherical balls at high velocities - LSP aims to induce compressive

residual stresses in metal components, but with a greater degree of consistency and control,

to stress magnitudes and depths greater than that of SP [3

.

].

Amongst other metal improvements, LSP effectively enhances the fatigue life and resistance

to stress corrosion cracking in metal components such as the core shroud of nuclear reactors

[4

.

] or treating turbine blades to increase low-cycle fatigue resistance [5

.

].

1.1 Laser Shock Peening in South Africa

The South African LSP (SA-LSP) group was officially formulated in 2012 within a framework

between Airbus (Germany), the South African National Aerospace Centre, the University

of the Witwatersrand, and the National Laser Centre (NLC) at the Council for Scientific

and Industrial Research (CSIR) with the support of the Department of Science and Innova-

tion - National Research Fund, Centre of Excellence in Strong Matrials (DSI-NRF COE-SM).

Numerous numerical evaluations of LSP were performed by Airbus in the European aerospace

sector at the time.

The South African partnership sought to compliment this with the experimental development
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of the process. The SA-LSP work-cell began with a number of fundamental investigations

into aspects not well documented in the literature, such as the details for effective inertial

confinement, typically water.

Under certain circumstances, the occurrence of the cavitation event was revealed in the water

layer using high speed Schlieren photography [6

.

]. It appeared that the bubble size and collapse

time correlated well to the laser pulse energy delivered to the target and a fundamental

evaluation of the cavitation bubble oscillation period as a process diagnostic was conducted

[7

.

]. The SA-LSP group continues to conduct research and development into a number of

LSP applications such as aerospace [8

.

, 9

.

, 10

.

], power generation [11

.

, 12

.

], and a number of key

aspects related to the process.

1.2 Cavitation Bubble as a Process Diagnostic

Often, safety-critical high value components (turbine blades, aircraft structures [12

.

, 8

.

, 13

.

])

are treated with LSP. This has the implication that the process and performance of the LSP

system needs to adhere to the safety and reliability standards of these industries. Diagnostics

and in-process monitoring are important when controlling a LSP process and ensuring that

the correct residual stresses are generated in the surface of the treated part. In addition to

this, as the process of LSP relies on the quality of the laser beam which can deteriorate or be

blocked, diagnostics ensure that failures are recorded and rapidly resolved.

When sufficient water covers the target surface during LSP, the shock event initiates a cavity

(see Figure 1.1

.

) that grows to a maximum size and collapses with a second shock wave. This

cavity is known as a cavitation bubble and the longest period of growth and collapse is known

as the first bubble oscillation period.

Figure 1.1: The lifetime of a laser induced cavitation bubble [7

.

].
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Recently, the SA-LSP group found that the first cavitation bubble oscillation period generated

in LSP could be correlated to the energy of the laser pulse [7

.

]. This time measurement

(between pulses, indicated as ‘86’, in Figure 1.2

.

) is easily done since the formation and collapse

creates two prominent pressure signals. The period between pulses relies on the temporal

location of the peaks rather than their magnitude, making this measurement insensitive to

the precise location of pressure transducers.

Once the life time and corresponding bubble size is known, the energy of the first cavita-

tion bubble can be calculated, potentially informing researchers of the localised laser energy

deposition for peening - as close to the process as is viably possible [7

.

]. The use of cavi-

tation bubbles to verify the energy being delivered to the target was patented (Figure 1.2

.

)

by Dr D. Glaser (CSIR) and Prof. C. Polese (Wits), along with the method of creating a

water layer to support cavitation [14

.

]. This patent merited a research and development grant

from the South African government Department of Science and Innovation by means of a

Technology Innovation Agency Seed Fund allocation.

Figure 1.2: A prototype of the patent hardware and anticipated pressure pulses [14

.

].

The studies prior to filing the aforementioned patent were performed in a static water tank

with single laser shots. This deviates significantly from how the process would be applied

industrially. Further insight and understanding of the limitations, attributes and successful

operating conditions is therefore necessary if the diagnostic monitoring technique is to be

further developed.

The context of this research is to develop a physical understanding of a cavitation bubble

diagnostic for potential industrial implementation.
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2 | Literature Survey

2.1 Laser Shock Peening

As described prior, Laser Shock Peening (LSP) is a surface treatment process that uses a

laser to create shock waves that effectively induces compressive residual stresses within metal

components, thereby enhancing their resistance to fatigue failure. This can have significant

cost-saving benefits, particularly if the failure of the part in question is hugely expensive.

The first observations and studies in laser shock processing were done in the 1960s by Batelle

Columbus Laboratories in the United States of America [15

.

]. Subsequent research was un-

dertaken by the Laboratoire pour l’Application des Lasers de Puissance (LALP) in France

focussing on modelling mechanical effects, characterizing shock waves and industrial applica-

tions [3

.

, 15

.

]. Toshiba Corporation successfully applies LSP to prevent stress corrosion cracking

on nuclear power plant core shrouds in Japan [4

.

].

2.1.1 Residual Stress Treatment

LSP is one of numerous techniques of inducing compressive residual stresses in metals. Amongst

others, effective techniques include shot peening, low plasticity burnishing, cavitation peen-

ing, ultrasonic impact treatment [16

.

, 17

.

, 18

.

, 19

.

].

Shot Peening (SP) is a long standing, well established compressive residual stress enhance-

ment technique and profitable industry in which hard spherical balls are accelerated to high

velocities with compressed air and impacted into metal parts. The impacts leave a plastically

deformed surface resulting in a compressive residual stress. Compared to an untreated part,

the resistance to cracking from fatigue is greatly improved when treated with SP.

Peyre et al. demonstrated the advantage of using both SP and LSP in Figure 2.1

.

. The

significant increase of fatigue strength (infinite life at a given cyclic load) after treatment with

SP is further improved by LSP [2

.

].
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Figure 2.1: Fatigue life curves for untreated, shot peened and laser shock peened 7074

aluminium alloy [2

.

].

2.1.2 Process Mechanism

The process of LSP (see Figure 2.2

.

) begins by firing a laser to emit a nanosecond pulse of

laser radiation. This beam is focused to a specific spot size on the work piece being treated.

Energy is transferred to the surface of the material at a rapid rate, ablating (vaporising) part

of that surface. As the laser pulse is absorbed, ionisation take place and the metal vapour

quickly becomes a hot expanding plasma. The rapid expansion (or explosion) creates a very

high pressure front (shock wave) which propagates both into the material and away from the

surface, transferring kinetic energy as it travels [2

.

].

Laser beam

Target
metal

Air

Shock
waves

Plasma

Plastic
deformation Compressive residual stress

field

Reaction forces

Figure 2.2: The process of LSP; shock waves create plastic deformation, inducing a com-

pressive residual stress field on and below the surface.

The energy that is transferred by the shock wave passing through the surface of the material is

sufficient to overcome the material’s dynamic yield strength and that material undergoes local
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plastic deformation. Afterwards, this deformation is opposed by the surrounding unaltered

material resulting in a compressive residual stress in the treated location [5

.

]. In this way, the

process of LSP relies on strong shock waves to create compressive residual stress.

The high strain rates (106 s−1) produced by LSP refines the metal grain structure (see Fig-

ure 2.3

.

) thereby increasing the number of dislocations, which leads to increased microhardness.

This refined grain structure improves crack arresting and hinders stress corrosion cracking [20

.

].

An increase in hardness has also been linked to higher fatigue strength, tensile strength and

wear resistance [21

.

].

Figure 2.3: Micrograph cross section of AZ31B Mg alloy showing grain refinement after LSP

impacts [20

.

].

In LSP, the laser radiation on a target is dependent on the spot size, pulse duration and the

energy of the beam. Combining these gives a measure called laser power intensity, given by

Equation 2.1

.

.

PI =
Elaser
τ ·As

(2.1)

=
Elaser

τ · πd2
4·102

where:

PI is the power intensity [W/cm2]

Elaser is the laser energy [J]

τ is the pulse width of the laser [ns]

As is the irradiated spot area on the target [cm2]

d is spot diameter in [mm].

6



Adhering to the convention within the field of LSP, the units of power intensity is not stated

as [W/cm2] but rather [GW/cm2].

By increasing the magnitude of the laser power intensity (and correspondingly the pressure

of the shock wave) the magnitude and depth of the residual stress will increase. Conversely,

if the power intensity is reduced the residual stress within the metal is diminished. This is

illustrated by the vertical shift of the lines in Figure 2.4

.

.

Figure 2.4: Residual stress profiles for LSP treated Ti-6Al-4V samples at different power

intensities [22

.

].

2.2 Confinement

While LSP has been performed on bare metal surfaces, the strength (pressure magnitude) of

the shock wave and resulting depth of plastic deformation into the metal surface can both

be increased if the laser driven shock event is contained using a laser-transparent tamping or

confinement layer such as water, glass, acrylic and silicon rubber [3

.

, 23

.

, 24

.

].

Water, as illustrated in Figure 2.5

.

, is the preferred method of confinement in LSP as it is

cheap, relatively transparent, is in wetted contact (very close) to the surface, is self renewing

for multiple pulses and produces confinement pressures slightly lower than glass [3

.

].

LSP has been used with a water confinement layer of varying thickness. A thin water layer is

typically considered between 1 to 2mm thick [25

.

] but up to 5mm thick water has been studied

[23

.

]. An industrial advantage to using a thin water layer is the low flow rate (for an equivalent

wetted area) and greater flow control, making it cost effective when using high purity water.
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Laser beam

Shock
waves
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Plasma

Target
metal

Air

Figure 2.5: An illustration of thin water LSP alongside an image of the process.

Peening with thicker water layers ensures that the layer is effectively restored after the shock

event with minimal directional control and allows the formation of laser induced cavitation

bubbles, but allows for greater absorption of laser energy prior to arriving at the target.

The power intensity of the laser can be increased effectively up to a limit, as the laser energy

is not effectively delivered after a certain magnitude. Beyond this point, an increase in the

power intensity does not increase the peak pressure experienced by the metal and so limits

the peak residual stress. This limit has been documented in several papers [26

.

, 27

.

, 5

.

, 28

.

].

The primary reason for this limit is the “breakdown plasma” that occurs in the confinement

layer when the laser power intensity reaches a certain threshold.

Figure 2.6: The variation of peak pressure with laser power intensity for different target

thicknesses. The laser was at 532 nm [27

.

].
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Optical breakdown occurs when a critical free electron density of 1018 cm−3 to 1020 cm−3 is

exceeded, typically near the focal point within a converging laser pulse. Two mechanisms lead

to plasma formation; directly ionising the medium, which is called multiphoton ionisation, or

via inverse Bremsstrahlung absorption, which is called cascade or avalanche ionisation and

requires one or more free electrons at the beginning of the laser pulse [29

.

].

Noack et al. made use of streak photography to determine laser induced shock pressures and

their decay with distance. For 6 ns laser at 10mJ, the shock wave was attenuated by two

orders of magnitude over r = 65µm. It was concluded that the smaller the plasma r0 (or

the further a measurement is taken r from the edge of the shock wave source, increasing the

ratio r/r0), the greater the decay of the shock wave pressure. Limiting laser repetition rate

to avoid interaction with following laser pulses was also briefly mentioned [30

.

].

The wavelength of the laser has an effect on the type of ionisation and the power intensity

at which the peak pressure saturation occurs. At laser wavelengths of 1064 nm, avalanche

ionisation is dominant in the breakdown process and at shorter wavelengths multiphoton

ionisation dominates. This ionisation, which results in a flattening or saturation of delivered

laser energy, is shown to occur at different power intensities.

The greater dispersion of all points in Figure 2.6

.

(increased stochastic or random breakdown

and absorption) occurs at around 7GW/cm2. In Figure 2.7

.

, the 532 nm points also flatten

nearer to 6GW/cm2 compared to 1064 nm wavelengths that saturate later, near 10GW/cm2

[31

.

, 27

.

]. It is not beneficial for this reason, that LSP with laser pulse lengths of a few ns at

532 nm, be implemented at power intensities above 6 - 7GW/cm2.

Figure 2.7: The variation of peak pressure with laser intensity for different laser wavelengths

after [31

.

].
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2.3 Cavitation

Hydrodynamic Cavitation

Cavitation bubbles occur within high flow environments such as in valve constrictions and on

impeller blade surfaces within pumps or marine vessels (such as the hydrofoil in Figure 2.8

.

)

[32

.

]. This will occur in an area where the fluid flow is sped up to a sufficient speed that

the local static pressure drops to below the vapour pressure of the fluid [33

.

]. This leads to a

bubble of vapour forming creating a void within the liquid. This void is called a cavitation

bubble. As the bubble travels (due to a pressure gradient typically driving the flow) to an

area of higher localised pressure, the void is no longer sustained and collapses.

Figure 2.8: Vortex cavitation on a hydrofoil tip, an example of hydrodynamic cavitation

[34

.

].

Due to the inertia given to the water rushing towards the centre of the bubble, the collapse

is violent and displays powerful fluid dynamics. These include shock wave emission and high

speed liquid jets that can both cause severe erosion of the surface over time [32

.

].

Laser Induced Cavitation

A laser induced physical disturbance can provide sufficient kinetic energy for cavitation, by

energising molecules with high intensity laser, either in the water or on a target. This target

matter rapidly turns to vapour which is then ionised by the beam photons, thus creating

extremely hot, rapidly expanding plasma. This plasma produces a very sharp (almost vertical)

rise in pressure and the discontinuity is manifested in the form of a shock wave in the fluid,

seen in the frames of Figure 2.9

.

.

The high temperatures (60K to 15000K) of the plasma inevitably vapourises surrounding

liquid water, creating a vapour bubble that grows outward.
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Figure 2.9: Laser induced plasma in open water, creating a shock wave (outer ring) that

surrounds a growing cavitation bubble (tear drop shaped cavity) [35

.

].

This bubble will grow to a maximum size until the conditions supporting the cavity are no

longer present. As the hot plasma cools and water vapour inside the bubble condenses on the

walls, the bubble collapses. The shape of the collapse is heavily dependent on static forces

and surrounding geometry in the water.

2.4 Cavitation in LSP

Figure 2.10

.

shows that if the confinement layer conditions are correct, the laser induced burst

of plasma on the target surface is not only sufficient to produce shock waves within the metal

below but will also initialise a cavitation bubble which grows and collapses.

Figure 2.10: Laser induced cavitation growth and collapse under 5mm of water [36

.

].

In LSP, a water layer thickness of 5mm or more will be required to allow the growth and

collapse of cavitation bubbles at laser power intensities higher than 2.5GW/cm2 [6

.

]. The
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higher the laser energy input, the thicker the water layer that is needed to contain a larger

cavitation bubble.

Upon collapse, a second shock wave is emitted from the site of collapse [37

.

, 36

.

]. Since the

bubble is initialised on the surface of the metal part, it takes the form of a hemisphere and

then rapidly collapses on itself in a toroid shape, often producing a high speed water jet. This

is illustrated in Figure 2.11

.

.

Figure 2.11: The formation of a laser induced cavitation bubble [37

.

].

With ultra short laser pulses, it is often difficult to observe breakdown plasma. In these in-

stances, the detection of cavitation bubbles is a suitable indicator for laser induced breakdown

[38

.

].

For applications in thick water LSP, the wavelength of the laser should be that which is least

likely to be absorbed by the water layer (infrared) but not also likely to cause breakdown at the

surface (ultraviolet). A convenient compromise is to use the second harmonic of Neodymium

doped Yttrium Aluminium Garnet (Nd:YAG) lasers, at a wavelength of 532 nm, which is

visible green light [5

.

].

2.4.1 Cavitaton Bubbles near Geometry

The lifetime of a hemispherical cavitation bubble in contact with a solid boundary is increased

when compared to a perfectly spherical cavitation bubble away from any boundary. Godwin

et al. postulates two reasons for this delay in collapse time [39

.

]. The first is likely due to the

toroidal flow that hinders surrounding water that is drawn toward the centre of the bubble

cavity during collapse. The second is the presence of the wall that also inhibits fluid flow

toward the bubble centre [39

.

]. It can be seen from Figure 2.12a

.

, that a hemispherical bubble
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(a) Prolongation factor versus the normalized

stand off distance from a wall [39

.

].

(b) Curved boundary parameter ξ used by

Tomita et al. [40

.

].

Figure 2.12: The bubble lifetime is extended near flat and concave boundaries.

on the wall (s/Rmax = 0) will have a lifetime approximately 1.146 times longer than that of

an isolated spherical bubble with the same energy.

Tomita et al. conducted several simulations and experiments to understand the motion of

cavitation bubbles and jet formation near curved rigid boundaries [40

.

]. Figure 2.12b

.

shows

the curvature defined by a parameter ξ whereby concavity was shown as ξ > 1, a flat surface

ξ = 1 and convexity ξ < 1. Importantly, the time between growth and collapse was found to

be lengthened with a concave surface and shortened with a convex surface [40

.

].

2.5 LSP Cavitation Diagnostic

Not all the laser energy arrives at the surface being treated in an LSP process. When high

powered lasers are used, some energy is absorbed in the premature ionisation and dielectric

breakdown of the water (and sometimes air) between the laser and sample being treated [7

.

].

The extent to which this happens outside of control (due to dissolved ions in water [41

.

],

random dust particles and airborne water droplets in air) is a fluctuation that is difficult to

describe empirically. Since any breakdown will produce a highly absorbent plasma, the local

energy that reaches the sample surface is not known with certainty.

In addition, most (if not all) laser monitoring can only take place before the final focussing

optic, as shown in Figure 2.13

.

. This means that if a disturbance of the beam delivery (such as

premature plasma breakdown, blockage or broken optic) occurs after the energy meter, it will

not be recorded or quantified until post process analysis of the sample has been completed.
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In addition, the greatest beam variance and energy loss in a LSP system occurs at narrow

beam diameters, nearest to the target.

Energy
Meter

Beam
Splitter

LaserBeam
Stop

Water
droplets

Focused 
laser beam

Lens

Monitoring of laser energy possible only up 
until the final beam delivery optic

Possible unknown losses
 in the beam path

Attenuator

Figure 2.13: Water spray typically contaminates the beam path, limiting beam measure-

ments to before the final window/lens.

Hydrophone Measurement

In water, the high pressure shock wave (mentioned in Section 2.1.2

.

) travels rapidly outward

(both in the metal and outside) from the site of the LSP process. If the water confinement

layer permits, the shock wave can be recorded with a high speed (short rise time) pressure

transducer known as a hydrophone. The waveform output from a needle hydrophone of a

laser induced (though not peening) cavitation event is shown in Figure 2.14

.

.

This signal allows the pressure dynamics of the cavitation event to be understood graphically.

Firstly, the prominence of the pressure spikes should be noted. The peak pressures of the laser-

induced and first collapse shock waves make them easily distinguishable from the compression

and expansion dynamics of the fluid displaced by the bubble and subsequent shock reflections.

The time between these peaks is called the first bubble oscillation period or more colloquially,

bubble lifetime. Subsequent collapses are difficult to distinguish from the surrounding fluid

dynamics.

Due to pressures of over 200 kbar from the laser-driven breakdown of metal to plasma, the

first shock wave in Figure 2.14

.

, is seen as almost vertical spike in pressure [42

.

]. The second

shock event or first bubble collapse, shows a similar steep rise on the hydrophone signal. It,

however, is not as steep and has both a wider peak and longer preceding slope.
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Figure 2.14: Signal from hydrophone of the laser breakdown and cavitation bubble collapse

[41

.

]. 2Tc1 is the whole bubble lifetime. The largest bubble radius occurs at Tc1 after initial

spike.

The pressure information from a Poylyvinylidene Difluoride (PVDF) transducer in Figure 2.15

.

illustrates this well. Here the lower, slower pressure rise preceding the peak in the bubble

collapse waveform can be seen [43

.

].

Figure 2.15: Signals from a PVDF transducer immediately after the laser induced plasma

and at the bubble collapse [43

.

].

2.5.1 Cavitation Energy

The energy required to create an isolated, spherical cavitation bubble EB is derived from the

energy or work needed to expand a volume ∆V against a restoring pressure derived force F ;

E = F ·∆x, F = ∆P ·A, ∆V = A ·∆x

∴ E = ∆P ·∆V
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For an infinitesimally small volume dV and pressure difference ∆P :

dE = ∆P · dV

The pressure across the boundary of a bubble is the difference between the static pressure P0

and the vapour pressure Pv.

Integrating over the volume as well as substituting the pressure difference across the boundary

of the bubble as a constant (∆P = P0 − Pv):

EB =

Vmax∫
0

(P0 − Pv)dV

From the volume of a sphere V = 4
3πr

3 with radius r:

dV = 4πr2dr

∴ EB =

Rmax∫
0

(P0 − Pv)4πr2dr

For a hemispherical bubble, the volume is halved, giving:

Eb =

Rmax∫
0

(P0 − Pv)2πr2dr

Eb =
2π

3
(P0 − Pv)R3

max (2.2)

The collapse time from maximum bubble radius to zero radius, τc, for a spherical bubble was

found by Rayleigh [35

.

]:

τc = 0.915Rmax

√
ρ

(P0 − Pv)
(2.3)

As Figure 2.14

.

illustrates, the theoretical time interval between the initialisation and the

collapse pulses τth, which is also called the first bubble oscillation period for a bubble in open

water, is assumed as twice the collapse time [35

.

]:

τth = 1.83Rmax

√
ρ

(P0 − Pv)
(2.4)

As literature suggests, a prolongation factor, k = 1.146, may be included to account for longer

actual bubble lifetimes when on a rigid wall:

τb =
τth
k

(2.5)
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Rearranging for Rmax and substituting Equation 2.4

.

into Equation 2.2

.

, the cavitation bubble

Eb is given as [7

.

]:

Eb =
(P0 − Pv)

5
2(

1.43031ρ
1
2

)3 τ
3
b (2.6)

where:

Eb = hemispherical bubble energy [J]

P0 = static pressure of the water taken as 87000 [Pa]

Pv = vapour pressure of the water being 2330 [Pa]

ρ = density of the water which is 998.2 [kg/m3]

τb = first bubble oscillation period [s]

When constants are simplified to become a coefficient, the relationship between bubble energy

and first bubble oscillation period is a cubed one:

Eb = Constant · τ3
b (2.7)

Vogal et al. determined a complete energy balance for breakdown produced by nano and

femtoseond lasers in water. Figure 2.16

.

describes some of their findings with small bubbles,

notably, that the conversion of laser energy (Ein) to bubble energy (EB) is around 30%

efficient [44

.

]. While this conversion is unlikely to remain constant with larger bubbles (from

the change in EB percentage between 1mJ an 10mJ), this demonstrates the principle that a

relationship between laser energy and bubble energy exists.

Figure 2.16: Energy balance of laser induced breakdown in water [44

.

].

By determining cavitation bubble energy in thick water layers and correlating it to the laser

input energy, the peening process can be monitored [7

.

]. This is the manner in which the

first bubble oscillation period may serve as a diagnostic (mentioned in Section 1

.

) in the LSP

process.
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2.6 Other Diagnostics

The need to better understand the LSP process in an industrial setting has motivated nu-

merous researchers to create different LSP diagnostic techniques that attempt to monitor the

process after the final beam delivery optic.

Prior patented methods of LSP monitoring can be categorised as measuring post-processing or

interrupted-processing test coupons, optical changes, acoustic emissions and plasma spectra.

These are summarised in Table 2.1

.

and Figure 2.17

.

.

Table 2.1: Examples of prior technology patents for monitoring laser shock peening.

Patent No. Title Year Owner
Post Processing Methods

US5948293 Laser Shock Peening Quality Assurance by Volumetric Analysis of
LSP Dimple

1999 [45

.

] General Electric Company

US5951790 Method for Monitoring and Controlling LSP using in plane deflec-
tion test coupon

1999 [46

.

] General Electric Company

US6094260 Holographic Interferometry for monitoring and controlling LSP 2000 [47

.

] General Electric Company
Acoustic Methods

US6512584B1 Quality Control For Laser Peening 2003 [48

.

] LSP Technologies Inc.

US6629464B2 LSP Quality assurance by acoustic analysis 2003 [49

.

] Suh et al.

US6914215B2 Real Time LSP Quality Assurance by Natural Frequency Analysis 2005 [50

.

] General Electric Company

US7816622B2 System and method for controlling LSP 2010 [51

.

] General Electric Company

US8520470B2 LSP measurement system and method 2013 [52

.

] General Electric Company
Plasma Methods

US6075593 Method for monitoring and controlling laser shock peening using
temporal light spectrum analysis

2000 [53

.

] General Electric Company

US6254703B1 Quality Control Plasma Monitor for LSP 2001 [54

.

] LSP Technologies Inc.

US6554921B2 Quality Control Plasma Monitor for LSP 2003 [55

.

] LSP Technologies Inc.

US7273998B2 System and Method for Monitoring LSP 2007 [56

.

] General Electric Company
Beam Methods

US8810792B2 Polarization Compensated Beam Splitter and Diagnostic System for
High Power laser Systems

2014 [57

.

] Metal Improvement Com-
pany

US7148448B2 Monitored Laser Shock Peening 2006 [58

.

] General Electric Company
Other Methods

US7906746B2 LSP System with time of flight monitoring 2011 [59

.

] General Electric Company

Figure 2.17: Prior innovations in LSP monitoring, at different points in the LSP process.
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The post processing measurements of coupons that have been treated with LSP cover the

greatest number of studies, providing deep understanding about the process. These include

residual stress measurements, hardness, roughness and geometry tests, fatigue life tests and

corrosion tests [2

.

, 20

.

]. The optical methods do not assess the efficacy of the process so much as

monitor the known correct conditions (beam energy, shape, pulse width, water layer presence)

for LSP.

Acoustic monitoring within the metal rely on a coupling between the part being monitored

and the sensor that receives the acoustic emissions. Acoustic emission in air or water are also

monitored, but this relies on the fixed distance between the transducer and the shock source.

Plasma light emissions are used to determine the composition of the elements, ensuring that

the process consistently vaporises the same constituents of both metal and water.

2.6.1 Acoustic Emission Measurement

Suh et al. have registered a patent that makes use of the acoustic emissions both within

the work piece and in the air as a method of real time Non Destructive Evaluation (NDE),

shown in Figure 2.18

.

[49

.

]. Within the patent, two methods of acoustic signal monitoring are

disclosed: through a workpiece mounted transducer and with a microphone in the air nearby.

The signal acquired from these two instruments can be used (with the aid of a computer

capturing the signals) to calculate acoustic energy parameters of the plasma, the maximum

amplitude and the integral of the signal over time (area under the curve). This ensures that

there are at least four values that can be correlated to a pass or fail criterion for every laser

pulse [49

.

].

Enoki et al. performed experiments with aluminium submerged underwater. The broadband

acoustic emission within the sample was detected with an Acoustic Emission (AE) sensor

attached to the rear surface of the sample, opposite the area irradiated with the laser pulse.

This AE emission was sampled at 10MHz with a continuous wave memory (CWM) system

previously developed by the same research group. The waveform (shown in Figure 2.19a

.

)

clearly shows the cavitation collapse with almost the same amplitude as the laser shock event.

The interval time between these events are shown (Figure 2.19b

.

) plotted against the laser spot

power density. The authors state that for power densities greater than 10GW/cm2 there is no

substantial change in either interval time or simulated pressure. This saturation is attributed

to the parasitic plasma breakdown that occurred in the water before the target [28

.

].
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Figure 2.18: Non destructive evaluation patent. Adapted from [60

.

].

(a) AE waveform on rear sur-

face.

(b) Shock interval versus power

density.

(c) Bubble collapse time versus

AE event interval.

Figure 2.19: Experimental results of a submerged sample from Enoki et al. [28

.

].

There is a good linear correlation between AE-measured interval time and high speed image

bubble collapse time, shown in Figure 2.19c

.

, making the interval time a good metric for

cavitation bubble lifetime in reality.

Takata et al. made use of deconvolution technique to determine the forces and pressures of

cavitation bubbles collapsing with AE sensors submerged in water. It was stated that the

magnitude of the sensor output alone was not sufficient to characterise the shock wave because

it was dependent on the distance from the shock peening event, which will change if the laser

moves relative to these sensors [61

.

]. It was also noted, however, that attaching an AE sensor

on the sample is not viable for process monitoring due to the use of one sensor per workpiece.

Takata et al. show that the generated waveform of an AE sensor submerged in the water

tamping layer is in good agreement with the waveform of a sensor physically attached to the

workpiece [61

.

] .
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(a) AE waveform from sensor on the surface of

the sample.

(b) AE waveform from sensor in the water con-

finement layer.

Figure 2.20: Detected AE waveforms during laser shock peening. [61

.

].

A water based sensor allows for greater location flexibility, detection of laser induced break-

down (see the small second peak at 160µs in Figure 2.20b

.

) and easier installation than that

of an adhered sensor.

2.6.2 Plasma Emission Spectrum

The use of plasma emission spectra for monitoring LSP in real time was studied by Benicewicz

et al. [13

.

]. As the plasma (consisting of excited molecular and atomic elements) cools, it emits

light due to the de-excitation of the plasma constituents. The elemental composition of the

vaporised material may be accurately determined through spectral analysis of light emitted

from the plasma. To simplify the process, the magnitude of an emission frequency of interest

(in this case 455 nm) can be detected through the use of a narrow bandpass filter in conjunction

with a gated photomultiplier tube (PMT). This is done at multiple laser energy levels, shown

in Figure 2.21

.

. The laser used in this study had a relatively high energy; 2-20 J with a 20 ns

pulse duration. One successful application was the detection of water breakdown [13

.

].

Figure 2.21: Photomultiplier tube voltage responding to the emission levels of 455 nm light

at different laser energy densities [13

.

].
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2.7 Literature Summary

LSP is a surface treatment technique to effectively increase the fatigue resistance of metal

parts by inducing compressive residual stresses. It is a process that relies on shock waves that

travel through the metal part, leaving a region of plastic deformation beneath the surface.

These shock waves are produced by rapidly expanding metal plasma which is produced as

a result of the ionisation within the focal region of a focussed laser beam. Confining the

expansion with a layer of water is found to increase the efficacy of LSP.

An interesting phenomenon of laser induced breakdown under sufficient body of water is the

formation of cavitation bubbles. These bubbles are affected by their surroundings and input

energy.

Before the laser beam reaches the required spot size, the laser power intensity may be suffi-

ciently high that breakdown occurs before the target surface, known as premature breakdown.

Since plasma readily absorbs the incoming radiation, this leads to the saturation of laser en-

ergy available for peening. This is most obvious in thicker water confinement regimes where

the ions in the water allow for greater opportunity to absorb laser energy and begin premature

ionisation and water plasma creation. The extent to which absorption occurs is variable. This

creates a certain level of uncertainty in the process.

As LSP treats high value parts, diagnostics to monitor the process with thin and thick water

layers have been developed that use post processing of coupons, acoustic emission, plasma

emission and beam quality methods. There are few to no options that directly reflect the

effective laser energy which arrives at the target surface, after all optics and confinement

layers.
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3 | Research Question and Objectives

Research Question

Literature has confirmed the existence of cavitation bubbles as a by-product of submerged

LSP. Since this will continue to occur as long as the submerged LSP conditions are met, there

is much room for understanding of their formation, maximum size, stability and shape. It may

be possible to use insight into this phenomenon to inform a process diagnostic of submerged

LSP. In light of this, it is pertinent to ask:

To what extent can the growth and collapse of laser induced cavitation bubbles be used as a

diagnostic tool in the LSP process?

To answer this, the following objectives are set out:

• Develop an experimental configuration to evaluate cavitation bubble oscillation periods

in the context of LSP.

• Correlate bubble energy with increasing delivered laser power intensity for a range of

experimental conditions (i.e. stagnant water, tap water, DI water, flowing, nozzle).

• Determine the effect that target geometries (flat plates, concave channels and convex

semi-cylinders with 5mm to 10mm radii) and flow regimes have to the behaviour (sta-

bility) of laser induced cavitation bubbles.
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4 | Apparatus

To achieve the first part of this study’s first objective (to develop an experimental configura-

tion), apparatus has been designed, built and commissioned to function with a 532 nm laser.

This entailed directing a laser beam into a tank specifically used to conduct cavitation ex-

periments. The tank was created to implement high speed photography while simultaneously

capturing the acoustic pressure information within the water. The water tubes and inlets are

removable in order to accommodate different flow conditions in the tank. A target movement

system allows for sequential laser pulses to hit new material as in would be implemented in a

LSP process.

4.1 Laser

Pulsed lasers with sub-hundred nanosecond pulse widths are used in order to generate the high

power intensities required to ablate material at relatively low laser output energies [62

.

]. The

laser light source used in this investigation is the Thales Saga pulsed laser unit at the second

harmonic wavelength of 532 nm. This uses a flash-pumped Nd:YAG rod active medium and a

Xenon gas flash tube pump source within a reflective jacket. Ownership and maintenance is

undertaken by the NLC in the CSIR in Pretoria, South Africa. A summary of the specifications

can be found in Table 4.1

.

.

Directly in front of the laser, an optics box is placed housing a photo diode, a laser attenuator,

and a 90/10 beam splitter. The fast acting photo diode allows an oscilloscope to display the full

wave at half maximum (FWHM) laser pulse width. The attenuator is actuated by computer

controlled stepper motors to allow the laser energy (which is fixed coming out of the laser)

to be scaled to any value between 2 and 930mJ. The beam splitter ensures 90% of the laser

energy continues to the target with 10% going to an energy meter. This way the final laser

energy can be calculated after attenuation.

The laser beam is reflected by three mirrors to bring it to the same level and location as

the optical window in the tank. All mirrors are specified for 532 nm laser light and can be

adjusted on their mounts as needed for alignment. The lens is a plano-convex lens with a

focal distance in air of 167.8mm (or a curvature of 50.8mm), and is mounted on a precision

translation stage. This stage allows the position of the lens along the beam path to be finely
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adjusted, thereby modifying the spot size at the target location. The optical window on the

tank is a 50mm diameter, 8mm thick, fused silica-glass window, also specified at 532 nm.

Table 4.1: Specifications for Saga HP laser published by Thales [63

.

].

Specification Value

Repetition Rate [Hz] 1 to 10

Energy per pulse [J]

. At 1064 nm 2.5

. At 532 nm 1.8

Pulse to pulse energy stability [% rms] <1.2

Pulse duration [ns] 4 to 8

Time jitter [ns rms] 0.5

Typical beam diameter [mm] 15

Divergence [mrad] <0.5

Beam pointing stability [µ rad] ± 50

Beam spatial profile [near field] Top hat

Average Power consumption [kW] 2.4

Since the stimulated emission is not an efficient process, optical pumping of a laser can

generate significant heat due to absorption of the light within the lasing medium. This heat is

removed by means of a transparent cooling jacket. As such, due to the highest heat transfer

being on the periphery of a Nd:YAG laser rod, there is a temperature gradient that develops

radially towards the centre of the rod. This results in a gradient of optical refractive index,

thermal strain within the medium and elongation that alters the end-face curvature of the

rod. These all contribute to making the Nd:YAG rod a positive lens with two focal distances

- an effect that is called thermal lensing [64

.

]. This effect will alter the power intensity of the

spot since the beam profile as well as the optical spot size will change as the laser warms up,

even if the laser output energy does not.

In order to mitigate the effect that thermal lensing has on experiments in LSP, the laser

should be operated under steady state temperature conditions whereby any thermal gradients

(and therefore laser spot size and beam profile) are relatively constant with time.
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4.2 Energy Meter

The energy meter is the FieldMaxII-P and compatible pyroelectric sensor suitable for pulsed

laser energy from Coherent Incorporated. This device has an analogue output voltage Vout
that is proportional to the received energy, Elaser. This relationship is given by Equation

4.1

.

[65

.

]. The input range Escale, full deflection output voltage Vscale and wavelength are set

manually on the device.

Elaser = Vout

(
Escale
Vscale

)
(4.1)

The meter is not accurate below 10% of the selected input range, and as such needs to have

the range altered for lower laser energies. Escale ranges used here were 3 J and 300mJ.

4.3 Test Samples and Articulation

Steel was chosen as a suitable target material as these experiments involve repetitive ablation

of the target material. This treatment will progressively erode the surface of comparatively

soft targets (such as aluminium alloy AA7075-T6511) faster than harder, denser metals such

as steel.

The available material included carbon steel Almen strips (AISI 1070 C type grade 1; dimen-

sions 2.38mm × 19mm × 76mm), 304 stainless plate (1.5mm × 80mm × 120mm) and low

pressure steam turbine blade alloy (12% Cr martensitic steel 20mm × 20mm × 12mm).

Table 4.2: Properties of Almen strips made of AISI 1070 carbon steel, Grade 304 stainless

steel and Din No 1.4939 12CrNiMo martensitic steel [66

.

].

Properties: AISI 1070 carbon steel 304 stainless steel 12CrNiMo martensitic steel

Density 7.7-8.03 g/cm3 7.85 - 8.06 g/cm3 7.8 g/cm3

Elastic modulus 190-210GPa 190 - 203GPa 204GPa

Poisson’s ratio 0.27-0.30 0.265 - 0.275 0.28

Melting Point 1693 - 1733K 1673 - 1723K 1693 - 1733K
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4.3.1 3D Printer

To ensure the surface that is ablated is renewed, the sample is moved so that each laser pulse

falls on the a different location to the last pulse. An affordable Creality CR20 Pro Three

Dimensional (3D) printer (see Figure 4.1

.

) performs this function. With lightweight samples,

the articulation accuracy of this device easily conforms to the tolerance of ± 0.020 inch (±
0.5mm) found in the AMS2546A standard for Laser Peening [67

.

]. Both the pre-existing

software and hardware was modified to be better suited to running simple two dimensional

scans. An example of the custom GCODE run on the 3D printer in the experiment is found

in Appendix A.3

.

.

Figure 4.1: CR20 Pro 3D printer from Creality [68

.

].

Hardware Modifications:

• All printing actuators and heating elements were unscrewed and removed.

• The carriage on the X-axis is left intact to bolt onto a matching interface plate.

• The Y-axis is removed from the base of the printer entirely increasing the space within

the Z-axis frame and providing a stable, flat area for a tank.

• The X-axis beam is removed and placed on the other side of the Z-axis to ensure there

is sufficient clearance such that:

1. the tank does not obstruct the printer display interface

2. the high speed camera had sufficient space to image the target site.
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• A micro-switch hardware stop is installed for the Z-axis rather than the touch probe

which is no longer connected.

Software Modifications:

Because the hardware is altered, some functionality and checks needed to be disabled within

the software. The following changes were made on the open-source Marlin firmware:

• All functions that relied on the Y-axis were disabled or commented out, including homing

and checks.

• The direction of the X-axis actuation was inverted.

• The Z-axis and X-axis limits were altered to fit the new constraints of the tank walls.

• The default automatic homing and bed levelling functions were set to manual or removed

altogether.

• A microswitch hardware stop for the Z-axis was enabled rather than the touch probe.

• Some messages on the display were removed or altered.

Details of each line that is altered can be found in Appendix A.2

.

.

4.4 Water Tank

A transparent water tank was built, containing enough water to confine the laser induced

plasma explosion and bubble collapse. Various materials of varying thickness were tested and

selected for optical clarity. The sides of the tank were made of common household window

glass; when thin enough this had the best optical clarity and availability. Construction consists

of two opposing panes of 2mm glass and 3 panes of 12mm thick acrylic panes. The outside

dimensions of the tank were 300mm long × 240mm wide × 220mm tall. These were chosen

purely for the tank to occupy the greatest volume within the physical limitations of the 3D

printer frame. When filled to operating capacity (a water level mark 40mm from the top) it

held 11.6 l of water.

The front acrylic pane of the tank had a 55mm hole milled in the centre of the pane to

receive the optical window flange. In addition to this, a second hole is milled on the bottom

left corner of this front pane. This second hole is used to receive the female pipe fitting that

supplies water inlet from a hose outside. The rear pane had a 5/8 inch British Standard Pipe
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(BSP) thread machined to accept a drainage fitting to remove the water from within the tank.

The acrylic panes and flange are bonded together using a chloroform solvent and then sealed

with silicone caulk. The glass panes and pipe fittings were adhered to the acrylic using the

same silicone adhesive. Figure 4.2

.

displays the glass panels and water pipes used to fill and

empty the tank.

Figure 4.2: Image of filled tank with inlet and outlet pipes within the 3D printer frame,

viewed through glass panes above the high speed camera.

A laser grade optical window ensures clarity for the laser beam entering the tank. This optic,

being the final interface with the laser in the air, has a coating to reduce dangerous back

reflections that could damage the laser. It is made of fused silica glass 50mm in diameter and

8mm thick. It is pressed into the flange with a second acrylic ring and M6 bolts. Rubber

gaskets ensures a water tight interface with the flange and window surfaces.

For directing water along the beam path, a 50mm (40mm bore), 145mm long, acrylic tube is

fitted by a firm friction fit with the optical window flange. Four holes were drilled in the side

of the tube and a water jacket (manufactured with a 3D printer) is glued around these holes

to allow water to fill and flush through the 40mm bore along the beam path. This jacket is

fed with a flexible hose and Polyvinyl Chloride (PVC) standard pipe elbows attached to the

water inlet fitting. A one inch flexible hose is connected to the tank outlet to drain the water

easily and safely into a nearby drainage point within the laser laboratory.
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4.5 Measurement System

The pressure measurement system, consists of the transducer, signal conditioner, clipper

circuit, a Compact Reconfigurable Input/Output (cRIO) chassis with NI9775 analogue ac-

quisition card (outlined in Table 4.3

.

) and a LabVIEW© Virtual Instrument on a computer

that records the pressure information. This Data Acquisition Device (DAQ) is illustrated in

Figure 4.3

.

. This means of acquiring data was chosen since LabVIEW© is widely used in

industry and is readily configurable, ensuring this platform can serve as the basis for any

future work or industrial application.
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Figure 4.3: Complete pressure measurement system.

Table 4.3: Table of NI9775 analogue input card characteristics.

Specification Value

Number of channels 4 (simultaneously sampled)

Input type Reference single-ended

Input impedance 1MΩ

Input capacitance 24 pF

Input range Nominal ±10V
Overvoltage protection ±30V DC, safe operating area

Input coupling DC

ADC resolution 14 bits

Typical Gain Error ±0.32%
Typical Offset Error ±0.08%
Non-Linearity ≤ 1.0% full scale

Sample Rate 5MS/s

Acquisition Length: 10 000 samples/shot
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4.6 Transducer

The transducer available for this research, model number 113B21, is a Integrated Circuit

Piezoelectric (ICP) sensor from PCB Piezotronics, Inc. This transducer is typically used in

compressible gas dynamics and is a fair compromise between affordability and response time.

The device and its characteristics of this device is shown in Table 4.4

.

.

Table 4.4: Table of 113B21 pressure transducer performance characteristics [69

.

].

Specification Value

Useful Overrange(for ± 10V output) 2758 kPa

Sensitivity(±15%) 3.6mV/kPa

Maximum Pressure 6895 kPa

Resolution 0.007 kPa

Resonant Frequency ≥ 500 kHz

Rise Time ≤ 1.0µsec

Low Frequency Response (-5%) 0.5Hz

Non-Linearity ≤ 1.0% Full Scale

Given the specifications for the analog acquisition card in Table 4.3

.

, when the signal condi-

tioner is turned on, the bias voltage of 24V would initially exceed the voltage measurement

range of ±10V. As a precautionary measure a clipper circuit (Figure 4.4

.

) made of a pair of

reverse biased 10V Zener diodes was placed in series with the signal conditioner, before the

analogue input card to limit the voltage to 10V.

+Vp

0

-Vp

+VZD1

-VZD2

0

R1

Vin Vout

ZD2

ZD1

Figure 4.4: Zener clipper circuit, limits the voltage across the output. VZD is 10V [70

.

].
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4.7 High Speed Camera

The CSIR has ownership of a Phantom V611 Mono high speed camera with a Canon EF100mm

f/2.8 USM Macro lens. It can record at a frame rate of around 680 000 frames per second

(fps) at a 128×8 pixel frame. An automotive LED light source is used for the illumination

of the bubbles at high frame rates. The camera has a brightness threshold trigger based on

selected pixels within the field of view. This way the high speed acquisition is triggered when

the flash of the plasma saturates a selected region of pixels. The number of frames saved

before the trigger point can be configured as well as frame rates and exposure time at various

pixel resolutions. The light source and camera are shown in Figure 4.5

.

.

Figure 4.5: Photograph of the tank showing the 3D printer articulating an almen strip

target, a submerged transducer, high speed camera and light source viewed from above.

4.8 Full Experimental Overview

The optical and data configuration is provided by the photograph and drawing in Figures 4.6

.

and 4.7

.

. Mirrors were used to direct the beam to the location and height of the tank. All

laser optics, mounts and optical tables are provided by the NLC at the CSIR.
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Figure 4.6: Image of filled tank showing inlet and outlet pipes, 3D printer articulating

the target and a submerged transducer, high speed camera, beam path mirrors and lens on

precision slide, conductivity meter, PC.

Figure 4.7: Layout of the complete experimental laser induced cavitation bubbles system.

33



5 | Methodology

Section 4

.

covers the physical and experimental configuration. In order to achieve the pri-

mary objective to evaluate cavitation bubbles, a Design of Methods (supported by the chosen

apparatus) is required. This Design shall;

1. Produce cavitation bubbles in an observable way. Bubbles cannot be hidden from view,

or be too small for the instrumentation sensitivity.

2. Allow cavitation bubbles to be observed in a measurable or quantifiable way. This means

numeric values are associated with the quantities that can be measured.

3. Allow for the detailed understanding of first bubble oscillation periods within the mea-

surements.

4. Ensure that conditions similar to industry are tested.

5.1 Producing Observable Cavitation Bubbles

The first requirement for laser induced cavitation is a laser pulse. This is characterised by

the output energy of the laser and spot size at a given energy level.

5.1.1 Operating the Laser

Prior to running experiments with a laser, a specific laser safety training course was done.

Steps taken to start the laser were set out in a Standard Operating Procedure (SOP) found

in Appendix A.5

.

. Before the laser was switched on, the shutter was tested and placed in the

closed position. The energy meter was always turned on before the laser itself. This was to

ensure that the expected energy of the laser was understood at the first pulse.

5.1.2 Water Tank Preparation

Before the water tank was filled, it was wiped free of potential dust particles (which could

lower the breakdown threshold of the water [41

.

]) with damp tissue paper. The tank outlet

flow rate (and therefore inlet as well) was limited by the drainage system within the facility.
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After establishing this limit, it was set by timing how rapidly a 3 l beaker was filled with tap

water. After measuring three times, this flow rate was on average 3 l/17 s = 10.5 l/min.

The Orion Star™ A212 Conductivity Benchtop Meter with 013016MD 2-electrode conductiv-

ity probe from Thermo Fisher was used in this study [71

.

]. Specific electrical conductivity

is typically measured in the units of micro Siemens per cm [µS/cm] and is the inverse of

resistivity 1/Ω [72

.

].

The conductivity probe was used to monitor both the temperature and dissolved ion concen-

tration within the water. Care was taken to submerge and agitate the water inside the probe

before readings. If a flowing test was done, the probe was placed at the the outlet of the tank

such that the water flowed between the conductors of the probe.

Tap Water Tests

The drain valve was opened. The inlet valve was then opened to allow a low flow rate of

water to enter the tank through the pipe. Care was taken to ensure no water splashed out

of the tank. After filling to the mark (11.6 l), the tank was drained again. It was then filled

for experiments. For stagnant tests, a settling time of at least 20 seconds was enforced before

commencing with the laser exposure. For flowing tests, the outlet flow rate was set to a fixed

10.5 l/min using the level markers placed on the side of the tank and a stopwatch. The inlet

flow rate was then adjusted to match the outlet flow rate, ensuring that the tank water level

did not rise or fall significantly (within 5mm) over a minute.

Deionised Water Tests

The tank and test surfaces were rinsed with two separate batches of older deionised water

(around 50µS/cm) and then with a litre of unused deionised water to wash away any residual

tap water from previous tests. It was then filled by pouring water into the top of the tank

with both inlet and outlet valves closed. After the test, the waste DI water was collected and

recycled the next time the tank needed rinsing as this water still had a lower conductivity

than tap water. At the end of the testing each day, the tank was drained and dried with a

fabric cloth to ensure that minimal biofilm deposits were left in the tank. As a final step, the

anti-reflective coating on the optical window was rinsed with a methanol alcohol stream.

5.1.3 Measuring the Spot Size

Most LSP output parameters (surface roughness changes, residual stress, maximum pressure

experienced, etc.) are dependent on the power intensity (which is in turn heavily affected

by spot size). This makes obtaining a consistently correct spot size essential within LSP

experiments.
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An equivalent diameter spot size of 1mm was used for all tests. This was chosen to ensure

that the upper power intensities could be achieved in the available energy range of the laser.

The procedure to obtain the laser spot is as follows:

1. Reduce laser output energy to 30mJ at 1Hz using a variable attenuator.

2. Tape down the edges of burn paper onto the target surface, fill the tank with water.

3. While the target is moving (manually or with a rapid feedrate) horizontally, briefly open

then close the peening shutter.

4. Remove burn paper from sample and inspect it to ensure single, non-overlapping spots

are visible.

The laser energy of 30mJ was fixed for all burn paper tests, to ensure the spot size mea-

surements correspond to the constant ablation threshold of the same paper rather than the

various metal targets. The softening of the burn paper was insignificant after two minutes of

being underwater.

The spot size was photographed at a fixed scale using a digital microscope.

1. After identifying the spots of interest, a photograph (see Figure 5.1

.

) was obtained and

saved onto a computer.

2. As the spots were not perfectly circular, the area of each spot was then traced using a

polygon tracing tool to find the area within the traced region. At least three spots per

test were measured this way to obtain an average area for that row.

3. Using this measured area, and the equation d =
√

4A
π , an equivalent sized circle diameter

was found.

4. A spot size correction equation was found at the same magnification by measuring the

scale on accurate callipers (see Figure 5.2a

.

). A linear calibration function (Figure 5.2b

.

)

was fitted to the varying measurements to obtain the relationship between measured

and actual lengths.

5. This equation was then applied to the equivalent diameters to obtain an accurate set of

spot size readings.

.
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Figure 5.1: The spot size of a single test, measured from an average of seven spots.

(a) The millimetre scale measurements taken. (b) The linear calibration function used.

Figure 5.2: Relationship between the measured lengths and actual lengths was calibrated
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The measured spot sizes were then correlated to the laser lens focal length before the tank.

By repeating this process to obtain at least two spot sizes at different focal distances along

the beam path, a simple linear interpolation could be employed to find the focal length at

which the desired spot size is obtained on the target. The focal distance wad adjusted with

a precision vernier lens mount.

Since the burn paper was taped on top of the target, its own top surface was closer to the

lens than the target surface. However, this extra thickness is a minuscule fraction over the

focal length (0.4mm/200mm = 0.2%) and is still an acceptable approximation for the metal

surface. Thus, in all experiments, the thickness of the burn paper was not considered and

remains constant for every spot size test.

5.2 Measure Cavitation Bubbles

There are many inputs and measurable outputs in LSP research. This study applies special

attention to a limited set of inputs and outputs, outlined in Table 5.1

.

and accompanying

Figure 5.3

.

. The parameters that were assumed to be well controlled and constant are given

in Table 5.2

.

.

Figure 5.3: Illustration of the main measured experimental parameters.

5.2.1 Observing with High Speed Images

The Phantom Camera Controller software, installed on a separate Microsoft Windows com-

puter, was exclusively used for capturing the high speed footage of the bubble events.

To set the camera trigger, a window was selected on part of the unilluminated test section

(a dark edge of the target) such that only when the bright exposure of the plasma event

sufficiently lightens the pixels within that window, the camera shutter will trigger. At least

three frames prior to the triggered frame were saved so to identify the laser pulse.
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Table 5.1: Measured input and output instruments.

Measured Inputs Instrument

Laser energy output Energy Meter with DAQ

Laser spot size Burn Paper & Microscope

Initial Water quality Conductivity probe

Water movement Flow rate test

Target geometry/location Callipers/3D printer

Measured Outputs

Pressure waveform Transducer & DAQ

High speed images High speed camera

Final Water quality Conductivity probe

Table 5.2: Assumed values of constant inputs and outputs.

Unmeasured Inputs Assumed to be

Laser pulse repetition rate Software controlled 1-10Hz

Laser output wavelength 532 nm

Laser FWHM pulse width 6 ns

Laser beam profile Constant Top Hat

Efficiency of the optics Factory Value

Accuracy of the laser energy meter Within < 2%

Local atmospheric pressure 87.00KPa

Water conductivity within the entire tank Constant throughout

Target surface composition homogeneity Constant

Laser material interaction for a given target Constant

Unmeasured Outputs

Shock wave shape and speed Spherical, near Mach 1

Camera stability or position Stably mounted
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On average, around 100 frames were saved per laser pulse. The camera and lens were con-

figured to obtain images as outlined in Table 5.3

.

. The exposure time (most often 47µs) was

chosen to produce the best image at the lighting conditions available.

Table 5.3: High speed camera settings used.

Camera: Phantom v611

Frame Rate: 21005.251313 fps

Resolution: 512× 512 px

Exposure: 47µs

Lens Aperture: 2.8

A focal plane, as demonstrated in Figure 5.4

.

, was created with clear cellophane tape placed

perpendicular to the target surface. This was adjusted in increments until the laser beam

fell on the edge of the tape. The camera lens was then readjusted to focus on the tape, thus

bringing the centre line of the laser beam (and laser induced bubbles) into sharp focus.

Figure 5.4: Clear tape focal plane, being exposed to the laser. This tape was the reference

centre plane of the laser beam path.
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5.2.2 Observing Pressure Data

Once the system was initialised and running, the details of each test were filled in on the

computer software. These included the estimated laser energy, the water purity and the spot

size. A file location was then selected for writing data and a test was run by starting the

acquisition, then opening the manual shutter at the same time or shortly afterwards. The

shutter was closed when the test was completed and the acquisition was then halted, saving

the data file automatically.

The LabVIEW VI used to record the pressure and laser energy information, shown in Fig-

ure 5.5

.

, has minimal data processing functionality. All ten thousand data points making up

each laser pulse were recorded for post processing with a more reliable tool.

Figure 5.5: Screen shot of the LabVIEW VI application window.
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5.3 Measure First Bubble Oscillation

The first bubble oscillation period or bubble lifetime was determined in two ways; 1) by

counting the number of frames within the high speed footage between the flash of the laser

pulse and smallest measurable radius of the collapsing bubble and 2) by measuring the time

between the largest peaks (see Section 6.1

.

) within the pressure waveform. Both these methods,

as illustrated in Figure 5.6

.

, have been extensively used in literature [7

.

, 61

.

].

With this bubble lifetime, the associated energy of the cavitation bubble could be calculated

for a given laser energy input. The reason for obtaining high speed imagery in this study was

to validate the existence and behaviour of cavitation bubbles and so correlate features within

the pressure waveform to reality.

The pressure waveform could provide information other than the bubble lifetime, such as

shock wave pressure, but to a less reliable extent. This was firstly because the transducer has

a response that is too slow (discussed in Section 6.4

.

) to resolve intricate shock features, and

secondly because any high pressure signals were limited by the clipper circuit (Figure 4.4

.

)

used to protect the DAQ. For these reasons, the information other than cavitation bubble

lifetime was not prioritised within this study.

Figure 5.6: The pressure information can be shown to represent the reality seen in pictures

[7

.

, 61

.

]. The bubble energy is dependent on the time between the two pressure spikes raised

to the third power, in Equation 2.6

.

.
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5.4 Testing Industry Conditions

There are three main differences between LSP research in a lab facility and production facility

for a given application. These account for an increased cost efficiency and treatment output

within industry:

• A higher coverage rate: increased laser pulse rate, or larger laser spot size with same

power intensity.

• Changing geometry and sample movement to treat different parts.

• Increased water layer replenishment to meet the containment demands of high laser

pulse rates.

Based on this understanding, the preliminary stagnant experiments were modified to closer

resemble an industrial setting before measuring bubble lifetimes. The laser repetition rate

was increased, the sample was moved, and flowing water was introduced. The effect of each

input was quantified before another aspect in industry was introduced.
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5.5 Experimental Outline

The procedure to be followed is illustrated in Table 5.4

.

. The expectations of the system

were first established with a number of baseline experiments. Following these, the effects of a

tube was introduced. With this, flowing experiments were done to inform expectations under

these conditions. Finally, the geometry of the target was altered to explore the sensitivity of

bubbles in this regard.

Table 5.4: Summary of experimental flow.

• Stagnant tests with both Tap and

DI water.

• Changing the Repetition Rate.

• Lengthy Test Duration.

• Energy change test.

• Effect of tube, stagnant and low ve-

locity flow.

• Effect of larger 304 stainless steel

plate.

• Saturation of laser energy transfer.

• Near edge effect with low flow ve-

locity.

• Effect of the geometry and turbine

material with a higher flow velocity

and increased repetition rate.

Stagnant

Conditions

Flowing

Conditions

Geometry

Conditions
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The reasoning behind the experiments and their anticipated results are outlined below:

• Stagnant high speed images

– As a validation of the apparatus, this experiment allowed the camera parameters

and position to be adjusted if necessary. The water was kept stagnant.

– Anticipated results include the shape and size of the laser induced cavitation bub-

bles, potential breakdown within the water and a first estimate for bubble lifetime

for both DI and tap water.

• Effect of laser repetition rate in stagnant water

– In anticipation of the increased repetition rate in an industrial setting, a baseline

understanding was sought of increased laser repetition rate, at different power

intensities, in stagnant water. All apparatus should be fully functional at this

point.

– Results include pressure derived bubble times for four different repetition rates.

• Effect of test duration within a fixed volume of water

– A longer, higher energy test than any other was run to produce the highest LSP

by-product concentration within the same tank, thought to reduce the dielectric

strength of the water. To ensure no immediate beam blockage occurred, a small

submersible aquarium pump was used to agitate and circulate the water near the

target.

– Results include bubble lifetime and conductivity change over a course of at least

10 minutes.

• Relationship between laser energy and bubble energy in stagnant tap water

– To achieve the second objective of this study, the laser energy was varied with a

fixed spot size to understand the relationship to cavitation bubble energy. Tests

were done with a long wait (twenty seconds) between shots to allow for stagnant

conditions.

– Results include a correlation between laser input and bubble time or bubble energy

as well as the measurement uncertainty as a measure of dispersion. These tests

were repeated to ensure consistency with the results.
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• Effect of a tube in stagnant water

– To guide flowing water along the beam path, enabling one more industry-like con-

dition (and as designed in Section 4.4

.

), a 40mm internal diameter acrylic tube was

introduced to the tank.

– Results include a comparison between tube and no tube at similar water conditions.

• Effect of flowing water at slow repetition rates

– To understand if replenishing the confinement water had any effect on the bubble

lifetime and variation, the set flow rate of 10.5 l/min was allowed to flow through

the tube collinear to and surrounding the laser beam path. The water was given

surplus time to be renewed between shots at the low pulse rates of 0.05Hz and

1Hz.

– Results include the effect of flow on the bubble life time and stability.

• Effect of different flat target

– A new target material (304 stainless steel) was introduced to allow for a larger,

flat plate to be studied. This was most like any large panel on vehicles or vessels.

– Results include the effect that the change in material and larger geometry has on

the cavitation bubble lifetime.

• Saturation of multiple results

– From prior tests, the relationship between bubble lifetime and laser input tended

to saturate, or become less sensitive to changes in input.

– Results show the estimated point at which this occurred for varying tests.

• Effect of edge at fixed power intensity

– The effect on cavitation bubble lifetimes when a LSP beam nears an edge, was

tested at a fixed power intensity. This scenario is likely if the full dimensions of a

plate were to be processed.

– Results include bubble shapes, behaviour and lifetimes when positioned between

off the edge to the middle of a 304 stainless steel plate.

• Effect of geometry radii at single power intensity, with higher flow velocity

– In order to understand how cavitation bubbles behave within niche industrial ap-

plications of LSP a range of targets with varying radii of curvature was tested.

Targets used were made of 12Cr martensitic steel, closely resembling that which is

used in turbine blade construction.
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– Results include cavitation bubble behaviour and lifetimes at a fixed power intensity,

for targets ranging between -5mm to +5mm in curvature. The effect of a nearby

inside corner and increased laser repetition rate was also considered.

5.6 Broad Test Procedure

Repeatability in the measurements (both inputs and outputs) were improved by ensuring a

minimal drift over multiple measurements of the same condition (laser energy, spot sizes,

bubble times) and allowing for settling time of laser operation and water conditions. A full

test is outlined as follows:

• Switch on the laser in order to warm up (using SOP in Section A.5

.

)

• Set the spot equivalent diameter to 1mm.

• Load GCODE with the desired scan pattern and feed rate onto 3D printer (such as that

in Section A.3

.

).

• Mount target firmly.

• Begin test

1. The details of the test and saving path are entered into the acquisition software.

2. The laser output energy is verified to be correct and at the desired repetition rate.

3. The required water flow rate is obtained without overflowing/draining the tank. If

stagnant, the water is perfectly still and free of bubbles.

4. The GCODE is run on the 3D printer articulation (see Appendix A.3

.

).

5. If used, the high speed camera trigger is armed.

6. The “Record” button in the acquisition software is pressed to begin logging data.

7. The manual shutter is opened to allow the laser light to reach the target.

• End test

1. After sufficient time (number of shots or seconds) had passed, the manual shutter

is closed.

2. The data acquisition is halted (clicking Record button again) and saved automat-

ically in the selected path.

3. If used and successfully triggered, the high speed camera raw cine is then saved for

further processing later.
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6 | Data Processing

The raw, unprocessed data files that were obtained from the LabVIEW acquisition system

are stored as Technical Data Management Streaming file format (TDMS) files. These raw

files consist of data points that have X and Y values (sample number and voltage) as well as

the associated parameters that are saved from the user interface.

Post processing was done on these using matlab, a comprehensive matrix based programming

environment. The peak detection, uncertainty analysis, energy meter calibration and graphing

were all executed using this tool.

6.1 Peak Detection

The flow of data processing is as follows;

1. Import TDMS file into matlab environment.

• The data file from the DAQ system is saved as a TDMS file.

• Using a library written by Hokanson [73

.

], the components of the data file are

extracted. This is the most time consuming part of the process and is lengthened

exponentially by file size.

2. Select only the data that has waveforms recorded from the DAQ.

3. Detect the peaks, their locations and determine the distance between the most promi-

nent peaks as a time.

• The findpeaks function (Figure 6.1

.

) within the matlab environment is employed

[74

.

]. It finds the local maximum points above a specified height and within a

specified distance apart. In doing so, it allows the time between the peaks to be

reliably and accurately calculated.

4. Record this distance as bubble time, and convert all data to useful units of pressure,

time and laser energy or power intensity.

5. Write this data to a file.

6. Plot the data and statistics (see Appendix A.4

.

).
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Figure 6.1: The general method by which peaks are found using the findpeaks function in

matlab. Other features of this function such as peak width are not used [74

.

].

49



6.2 Flow Velocity

In this study, two flow cross sections were used, making use of exits with internal diameters

of 40.0mm (in Figure 4.7

.

) and 10.0mm. Thus, for the areas of the exits A1 and A2:

A1 =
πD2

4
=

π(40.0)2

4
= 1257mm2

A2 =
πD2

4
=

π(10.0)2

4
= 78.54mm2

The volumetric flow rate V̇ of a fluid through a tube is defined as

V̇ = A · v (6.1)

and for a constant flow rate of

V̇ = 10.5 l/min = 175× 103mm3/s

the velocity of the water coming out of the 40mm tube v1 is:

v1 =
V̇

A1
=

175× 103mm3/s

1257mm2
= 0.139m/s

and the velocity of the water coming out of the 10mm conical nozzle v2 is:

v2 =
V̇

A2
=

175× 103mm3/s

78.54mm2
= 2.23m/s

6.3 Uncertainty Analysis

In experimental measurements, the value of the measurement will almost never be exactly

the true value in reality. Each device that measures the physical world has a degree to which

the accuracy of the measurement is unknown. This degree is called uncertainty [75

.

]. The

analysis of this uncertainty is the process by which researchers identify, quantify and combine

the random and systematic errors of a measurement.
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6.3.1 Design Stage Uncertainty Analysis

Design stage uncertainty analysis is based on the resolution of the device and assumes the

other sources of error are negligible. Ud is calculated using interpolation U0 and instrument

Uc errors [75

.

]:

Ud =
√

(U0)2 + (Uc)2 (6.2)

Details of this analysis can be found in Appendix A.1

.

.

Table 6.1: Design uncertainties of the pressure and laser energy measurements.

Design Uncertainty (Ud) Value

Pressure ± 21.148 kPa

Laser Energy ± 0.0204 J

6.3.2 Uncertainty of Multiple Data Points

Figure 6.2

.

outlines the process of estimating the uncertainty associated with multiple mea-

surements, as is the case in the experiments undertaken in this study. This procedure is taken

from Figliola and Beasley [75

.

].

Figure 6.2: Procedure for combining multiple measurements [75

.

].
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The systematic errors are first calculated and summed.

bx̄ =
[
(bx̄)2

1 + (bx̄)2
2 + · · ·+ (bx̄)2

k

]1/2 (6.3)

These are equivalent to the calculated design uncertainties.

bx̄ = (Ud)

The standard random uncertainty sx̄ is then estimated. Each measurement contribution (sx̄)k

is found by taking the standard deviation for that data set and dividing it by the root of the

number of data points.

(sx̄)k = sxk/
√
Nk (6.4)

sx̄ =
[
(sx̄)2

1 + (sx̄)2
2 + · · ·+ (sx̄)2

k

]1/2
(95%) (6.5)

In order to look up a tν,95 estimator, the degrees of freedom in the result ν are found from

each degree of freedom νk from every dataset and asscociated standard random uncertainty

(sx̄)k. Equation 6.7

.

is called the Welch-Satterthwaite formula [75

.

].

νk = Nk − 1 (6.6)

ν =

(
K∑
k=1

(sx̄)2
k

)2

(
K∑
k=1

(sx̄)4
k /νk

) (6.7)

The tν,95 estimator is found on a t-distribution table with the degrees of freedom at a confi-

dence interval of 95% [75

.

]. This is then used to find the expanded uncertainty in the result,

given as

uR =
[
b2x̄ + (tν,95sx̄)2

]1/2
(95%) (6.8)

Finally, the best estimate of a value R to a confidence interval of 95% is

R′ = R̄± uR (95%) (6.9)

where R̄ is the mean value of R.

This analysis is carried out with every dataset and is displayed on plots in subsequent sections

in the form of horizontal and vertical measurement uncertainty error bars.
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6.3.3 Uncertainty of Terms within Bubble Energy

Perturbation uncertainty was used to determine the design uncertainty bx̄ associated with the

bubble energy for a given operating point. The individual uncertainties of each term within

Equation 2.6

.

(rewritten below) is given in Table 6.2

.

. Three time based uncertainties were

identified to contribute that the bubble lifetime uncertainty τb.

R0 =

(
P0day − Pvtemp

) 5
2(

1.43031(ρtemp)
1
2

)3 τ
3
b

Table 6.2: Each individual uncertainty ui for perturbation of the bubble energy.

Term ui

τbvelocity ± 1.35 · 10−5 s

τbpeak ± 1.20 · 10−6 s

τbmovement ± 1.35 · 10−5 s

ρtemp ± 2.56 kg/m3

Pvtemp ± 1.91 · 103 Pa

P0day ± 2.06 · 103 Pa

Accounting for these uncertainties by perturbation and combining them together is shown in

Appendix A.1.3

.

. The uncertainty of the bubble lifetime measurement is insensitive to the

lifetimes when cavitation bubbles are very small, and most sensitive when these bubbles are

large. This is seen as a cubic response when the uncertainty of multiple operating points (0

to 1.5ms) are plotted in Figure 6.3a

.

.

A linear increase in uncertainty occurs with increasing bubble energy, as Figure 6.3b

.

illus-

trates, which means the uncertainty of the bubble energy is linearly dependent on the magni-

tude of the bubble energy. This relationship is only altered with tiny (microscopic) bubbles,

when the uncertainty of the other terms in the bubble energy equation become comparable

to the bubble lifetime term. This is further explained in Appendix A.1.3

.

.

53



(a) Uncertainty of calculated bubble energy as-

sociated with varying bubble lifetimes.

(b) Uncertainty of calculated bubble energy as-

sociated with varying bubble energies.

Figure 6.3: Uncertainty of calculated bubble energy associated with varying bubble lifetimes

and bubble energy. This study produced bubble lifetimes not larger than 1.6ms.

6.4 Sampling

The signal that was recorded by the data acquisition system was one that was from an

analogue, continuous real event. This means to adequately represent this continuous signal

in a digital form, an understanding of sampling is required.

To adequately reconstruct a continuous signal with discrete samples, the sampling frequency

must be larger than two times the highest frequency component in the signal. This condition

is known as the Nyquist Criterion [76

.

]:

Fsample ≥ 2Fsignal

The minimum frequency that satisfies this condition is known as the Nyquist rate. If the

sampling frequency does not satisfy the Nyquist criterion, or it is lower than twice the maxi-

mum frequency component, then an effect called aliasing occurs. Aliasing is when a sampled

waveform is misrepresented as a slower waveform signal. The fastest signal Fsignal that is

produced by the transducer can be taken as the inverse of the rise time specified 1µs;

Fsample ≥ 2
1

1µs

Fsample ≥ 2MHz

In this study, Fsample will be 5MHz, a sampling frequency that is convincingly above the

response of the transducer, satisfying the Nyquist Criterion.

The ability of the transducer to represent the pressure information within a shock wave is now

considered. In order for the transducer to resolve the peak pressure of a passing shock wave
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(see Figure 6.4

.

) in water, its rise time has to be correspondingly faster than the wave passing

time. If the shock wave is travelling at near the speed of sound in water which is around

1481m/s (Mach 1 in water) it will transverse the diameter of the transducer (6.22mm) in

4.2µs. Since the rise time is less than 1µs, the transducer will respond quickly enough to

resolve an event that lasts 4.2µs.

113b21 
pressure 

transducer 
from PCB

Specified rise
time: < l µs

Shock passes over
6.22 mm diaphragm
in 4.2 µs

Speed of sound 
in water is around
1481 m/s

Figure 6.4: Shock wave passing transducer.

This initial analysis does not take the transducer fundamental resonant frequency into account.

In a white paper by Walter, from PCB Piezotronics, Inc. [77

.

], it is recommended that to

prevent excited transducer resonant frequency from being superposed on the recorded data,

the rise time should follow this general rule of thumb:

τfn = 2.5 (6.10)

where τ is the 10-90 percent rise time and fn is the resonant frequency of the transducer.

From Table 4.4

.

, the 113B21 sensor has a fundamental resonant frequency of 500 kHz. Thus

the transducer’s fastest response is;

τfn = 2.5

∴ τ = 5µs (6.11)

By this analysis, the shock passing event that lasts 4.2µs is not resolved by the transducer

to an convincing margin. While this is not ideal, and likely means the resonances from the

transducer are superimposed on the waveform, for the purposes of this study the exact shape

of the waveform is not essential to extract a resonable result. This is discussed further in

Section 7.1.4

.

. Instead, the repeatability and reliability of the transducer response between

shock waves is of greater concern.

55



6.5 DAQ Voltage Calibration for Energy

The energy meter is calibrated and considered accurate (documented in Table A.2

.

), but there

is an undocumented relationship between the meter’s output measured by the DAQ and the

recorded energy, in this particular instrumentation arrangement, outlined in Figure 6.5

.

.

In order to convert the voltage from the energy meter to an energy, the conversion function,

Equation 4.1

.

is suggested by the manufacturer. This linear function was found to poorly

represent the unknown voltage-DAQ-energy relationship. Table 6.3

.

was drawn up based on

set energy points observed on the display of the energy meter device. It is used as a lookup

table in order to adjust the analogue output voltage values (Vout) from the DAQ within an

energy range. The constant multiplier at each energy level was adjusted by hand until the

calculated energy was within 1% of the display value for at least 100 laser pulses. This table

is used with Equation 6.12

.

with the output voltage range Vscale fixed at 2V.

Figure 6.5: Diagram of voltage energy relationship within the data acquisition system.

Elaser = Vout (Mv) (6.12)
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Table 6.3: Calibration values for the energy meter output.

Display Voltage multiplier Mv [J/V]

Ēlaser [mJ] Escale = 3 J Escale = 300mJ

50 1.191 0.1403

100 1.191 0.1441

150 1.288 0.1456

200 1.341 0.1483

250 1.357 0.1482

300 1.350 N/A

350 1.37 N/A

400 1.39 N/A

450 1.405 N/A

500 1.41 N/A

550 1.391 N/A

600 1.388 N/A

650 1.388 N/A

700 1.4 N/A

750 1.41 N/A

800 1.391 N/A

850 1.391 N/A

900 1.391 N/A
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7 | Results and Discussion

The effect that each disturbance made to the system was found by starting the experiments in

a simple, baseline scenario and noting the effect of a disturbance, one at a time. Experiments

in this chapter, presented in Figure 7.1

.

, progress from the very simplest submerged target with

stagnant water to more complex targets with flow along the beam path, eventually recreating

an industrial application.

Assess the method of 
data collection 

Understand known
limitations

Approximate the 
patent 

Effect of tube on 
stability/scaling

Effect of flow on 
stability

Collecting data to  
show trends

At different repetition 
rates

Saturation and 
system capability

Approximate the
 industry setting

Proximity to edge of 
stainless steel

Curved geometry of 
turbine material

Moving along one 
direction

In positive and 
negative radii 

Base line boundary 
conditions

Repetition rate 
boundary conditions

Test duration 
boundary conditions

Figure 7.1: Summary of the experiments undertaken.

58



7.1 Data Collection Assessment

7.1.1 Spot Size Variation

The variation of actual spot sizes was recorded and is plotted in Figure 7.2

.

. With a laser pulse

frequency change from 10Hz to 1Hz within the same day, the spot size reduced. It should

also be noted that on the two days multiple spot checks were done, the spot size reduced as

the day progressed.

Figure 7.2: Spot sizes over the course of the testing period. Each point represents an average

of at least four spots, error bars are the measurement uncertainty of that average.

The progressive reduction of spot size over the course of a day in Figure 7.2

.

is currently

unexplained as both the room housing the laser unit and the laser cooler unit itself were

temperature regulated near 20◦C. Meticulous temperature measurements could validate this

in future work.

However, in the same figure, the immediate change in spot size shown with different laser

repetition rates could be explained by a form of thermal lensing, with a diverging lens effect on

the laser or any optical components along the beam path. The increased pulse rate translates

to an increased heat input into imperfect components. For the same heat loss, an increased
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temperature difference would occur. By increasing the thermal load on the lasing medium and

optics in the beam path, a larger spot size was produced. This result, however, is contrary to

the findings in literature, that thermal lensing would reduce the overall focal length thereby

reducing the spot size [64

.

].

The difference between laser pulse rates of 1Hz and 10Hz translates to a power intensity

change of 1.8150GW/cm2. The maximum range of spot size change over the course of a day

corresponds to a power intensity change of 1.0012GW/cm2.

7.1.2 Pressure Measurement

A detailed understanding of the pressure information is important to ascertain the extent to

which the data acquisition system can resolve shock events. This section aims to understand

the output waveform of the pressure transducer.

Observations

The waveform obtained from the DAQ is shown in two plots in Figure 7.3

.

. The peaks of the

shock events showed good prominence with a large signal to noise ratio. This waveform looks

similar to that in Figures 2.20b

.

and 2.19a

.

. One notable difference is the comparatively lower

negative peak pressure after the initial shock front pressure.

(a) First and second shocks without tube. (b) First and second shocks with tube.

Figure 7.3: Comparison of different shock waves defining a single bubble’s first oscillation

period or lifetime.

Figure 7.4

.

shows the pressure information of the two separate shock events in greater detail.

The shock wave from the laser event was resolved as a rapid rise in pressure from zero. There
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is a distinct zig zag pattern that is present on the rising edge of the open water test. This

feature, present in multiple shots without the tube, was not found when a rigid tube was

placed in the beam path underwater. Instead, a clear, smooth rise to maximum pressure

was recorded on the shots fired in stagnant water accompanied with a tube. This strongly

suggests that it is a shock wave feature dependent on surroundings, potentially the manner in

which the shock front meets the transducer diaphragm or body. The DAQ appeared capable

of recording these subtle differences.

Following the peak pressure and rapid drop, oscillations around zero are shown consistently

in both plots, with and without a tube. This is likely a combination of both turbulent flow in

the wake following the shock wave and the response of the transducer to the sharp pressure

changes. Oscillations of the same nature are seen in Figure 2.14

.

.

Regarding the bubble collapse shock, there was a gradual increase in pressure to around

250 kPa before a steep and rapid rise in pressure to the second peak in the waveform. This

gradual rise before the pressure spike was present in all cases of successful cavitation col-

lapse, attributed to the inrush of water, flowing to fill a bubble cavity. The shape of both

laser induced shock and cavitation bubble collapse shock waveforms in Figure 7.4

.

compare

favourably to that in Figure 2.15

.

, displaying the same sharp and gradual rises of the two

events respectively. Frequently, the magnitude of the laser induced shock and the cavitation

induced shock wave were within 3% of each other.

The cavitation collapse was not always pronounced. This was the case with the non-flat

geometry shown in Figure 7.5

.

. This waveform shows the laser shock wave at 400mJ, and the

reduced pressure spike of a cavitation collapse. This is likely due to the asymmetric collapse

regime of the bubble, seen in the 6mm convex test in Figure 7.48

.

.

7.1.3 Transducer Characteristics

During the tube tests, abnormally large bubble times were registered with the peak detection

algorithm. The waveform of this result, shown in Figure 7.6

.

, clearly shows the reason for

the erroneous bubble time. Here it can be seen that the peak detection function found the

abnormal peaks which where occasionally larger than the true shock wave peaks.
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Figure 7.4: Shape of laser induced (left) and cavitation collapse (right) shock waves.

Figure 7.5: Waveform of the 6mm convex shape near an internal corner clamp.
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Figure 7.6: Erroneous transducer output.

It is suspected that the transducer was sending erroneous signals. There are three potential

reasons for this;

• Water entering the signal conductor cable is most likely as it had been submerged for

many hours at a time;

• A failing transducer due to fatigue is possible as the period of service for this particular

transducer was more than 20 years;

• Or the transducer was broken due to being excited at its resonant frequency. This is

possible as the impulse from the shock wave could have very high frequency components

that were not resolved with this transducer.

The first two causes of failure were remedied by replacing the old transducer with a new one

and resealing the connection to the signal cable. These erroneous signals were never observed

following this intervention.
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7.1.4 Transducer Pressure Uncertainty

The response of the transducer was attenuated with a series clipper circuit to around 2130 kPa.

This is apparent in all waveforms (including that of the erroneous signal in Figure 7.6

.

and in

Figures 7.6

.

, 7.3

.

). The pressure of 2130 kPa corresponds to a voltage of 7.668V, which means

the voltage was limited prior to the 10V design limit. Indeed, the selection of these particular

Zener diodes in this circuit was too conservative, as they began limiting the voltage early.

The result is a waveform that has a flat top, in which its peaks are ‘clipped’ prematurely. The

shape of the clipped waveform is plotted in blue in Figure 7.7

.

. With a flat top, the uncer-

tainty associated with the peak detection is increased due to more points along the flattened

waveform falling within the pressure transducer uncertainty of 21.148 kPa (see Table 6.1

.

), any

one which could be a suitable peak.

This means that the peak location uncertainty would vary depending on the peak pressure;

typically ±1 data point (200 ns) at pressures below the clipped (near 2000 kPa) value and ±2
data points (400 ns) at pressures that exceed the clipped value - where the truncation includes

more of points. Plotted in Figure 7.7

.

, above an actual waveform, is one potential peak that

could have existed if no clipping were present.

Figure 7.7: Clipped transducer signal with a hypothetical unclipped signal.
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In practise, the flattened waveform still showed a diminished but raised hump near the middle

of the plateau. Within the peak detection (see Section 6.1

.

), the peak threshold value, that

would remove these points, was kept at zero. This means that the peak detection was still

successful on such mildly prominent peaks and had a smaller true uncertainty than the full

width of the truncated portion. The range of selected shock wave peak locations in Figure 7.8

.

is

600 ns between the points 219.8µs and 220.4µs. It was assumed (but cannot be immediately

proven due to bubble variability) that the same error is present on the cavitation bubble

collapse shock wave. Therefore transducer-clipper circuit conservatively contributes 1.2µs to

the total uncertainty peak detection measurement.

Figure 7.8: Different shock wave peak locations for varying power intensities 2.5GW/cm2

to 17GW/cm2.
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Summary:

• The transducer displayed peaks with high signal to noise ratio making peak detection

possible and reliable.

• The rise in pressure for the laser shock wave was much steeper (more rapid) than the

cavitation shock wave.

• The design of the clipper limiting circuit was conservative, limiting the volage output

to around 7.668V or corresponding pressure of 2130 kPa.

• The peak values of both laser and cavitation induced shock waves were similar due to

the waveform being clipped above 2130 kPa.

• Above an amplitude of 2130 kPa, the uncertainty associated with the peak locations and

corresponding bubble time was 400 ns. The conservative peak detection uncertainty is

1.2µs.

• An erroneous waveform was remedied by replacing the transducer.
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7.2 Stagnant Water Tests

Explanation of Experiment

Single laser pulses were fired one by one into a stagnant tank of DI water at least 20 seconds

apart to allow for the water to resume stagnant conditions. A laser power intensity of around

13GW/cm2 was chosen as it represented the midway point of the system capability. The test

section and carbon steel

.

almen strip target is illustrated in Figure 7.9

.

. Test parameters are

summarised in Table 7.1

.

.

Lens

Optical
window Beam StopTransducer

Target
Stagnant DI water 

Precision slide

Figure 7.9: Experimental set up of the edge test.

Table 7.1: Stagnant DI water test conditions.

Parameter Value

PI 13GW/cm2

Average Spot Diameter 1.0042mm

Rep Rate 0.05Hz

Water conductivity DI 1.54µS/cm @ 19.7◦C

Water velocity 0m/s

Target curvature 0mm (flat almen)

Observations

High speed photography was employed to understand the size and shape of cavitation bubbles

with time. Nine frames were chosen to represent the lifetime of the cavitation bubble in

Figure 7.10

.

.
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A detailed description of each frame is as follows;

Frame 1: The remnants of the laser pulse can be seen in a trail of small bubbles where the

beam filled the water. The almost hemispherical cavity is brightly lit from within. The speed

of the cavity expansion is shown by the heavily blurred outer edge.

Frame 2: The cavity has convincingly become a bubble, now at least twice as large as the

previous frame. There is a ring at the interface of the hemispherical bubble and the metal

plate. Motion blur of the bubble wall is present but less pronounced than on frame before.

The top of the bubble is covered with tiny bubbles and suspended particles that seem to be

carried along as the cavitation below them expands.

Frame 3: The bubble has grown further, but as a slower rate. The ring at the interface of

the bubble and the metal has developed into a thicker fillet shape that surrounds the bubble.

The small bubbles/particles on the top of the larger cavitation bubble remained near to the

surface interface of cavity and water though unattached.

Frame 4: The bubble is even larger now, the expansion has slowed given how much sharper

the edges of the bubble appear. The fillet has now become an interface that meets the metal

surface perpendicularly. Some of the residual small bubbles have disappeared, others remain

close to the cavitation bubble top surface.

Frame 5: This is the maximum size of the cavitation bubble. The walls are in good focus

and clearly distinct from the surrounding water. The interface of the bubble and metal is

perpendicular. Nearest to the interface, the wall of the bubble appears to be more cylindrical

than spherical.

Frame 6: The bubble has shrunk slightly. The rate at which the bubble is shrinking is not yet

fast enough to cause significant motion blur of the bubble edge. The bubble-metal interface

is now slightly bowed toward the centre, now more conical. The height of this cone is around

25% of the bubble height.

Frame 7: The bubble is rapidly shrinking, shown by the obvious motion blur of the bubble

wall and small particles. The visible streaks of the suspended particles are directed towards

the centre of the bubble indicating the motion of the water around the bubble. A curved

shadow appears to lag behind the now rapidly moving outer edge of the bubble.

Frame 8: The speed at which the bubble is collapsing is shown in the highly blurred edges of

the bubble and particle streaks that are directed to the centre. The lagging shadow remains

apparent though less pronounced than in previous frames.

Frame 9: The bubble shape is no longer apparent. In its place, a dense cloud on the surface

of the metal is obvious. Small bubbles have reappeared in the beam path and surrounding

water, representing the passing of a second shock wave.
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Figure 7.10: Life time of a cavitation bubble produced by a 13GW/cm2 laser pulse in DI

water.
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The life time of a cavitation bubble in tap water is shown in Figure 7.11

.

. Many features are

similar to that in Figure 7.10

.

; the bubble displayed rapid growth slowing toward maximum

radius and then rapid collapse, there is a ring at the interface of the metal and bubble which

tended to change shape between expansion and contraction of the bubble and a faint shadow

band also appeared here that followed the top edge of the bubble in a curved shape.

In comparison to the bubble shape illustrated in Figure 2.11

.

, the bubble seen in Figures 7.11

.

and 7.10

.

displayed a greater attachment to the surface of the target material with the ‘bottom

diameter’ being equal to the ‘maximum diameter’. While there may be a toroidal flow and

jet that was directed to the surface, these features were not apparent due to the limited frame

rate in this study.

Figure 7.11: 13GW/cm2 bubble in tap water.

The size of the cavitation bubbles is shown in Figure 7.12

.

. The ‘zero’ size of the cavitation

bubbles were never observed, but inferred here at the frame when the bubble edge was no

longer perceivable. The diameter of the bubble in the vicinity of a tube, shown in Figure 7.13

.

,

was marginally larger than without a tube nearby. Both tap water tests produced significantly

smaller bubbles than those in the deionised water.

Figure 7.12: Bubble size for a 13GW/cm2 laser pulse in DI and tap water.
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Figure 7.13: 13GW/cm2 bubble in tap water with 40mm tube surrounding the beam.

Discussion

The bubble growth and collapse in Figure 7.10

.

is clearly visible with good optical clarity,

confirming that conditions and methods used are photographically suitable. The exposure

time of 47µs allows for motion within that time to be seen albeit as a blurred image. This

exposure time also allows for subtle features to be seen such what is suspected to be an

expansion rarefaction in Figure 7.14

.

.

Figure 7.14: Suspected expansion wave upon bubble collapse. 13GW/cm2 laser pulse.

Bubble time

The difference between tap and deionised water is apparent in Figure 7.12

.

. The bubble size

obtained with high speed imagery clearly indicates the rate of growth as well as the maximum

bubble diameter. The beginning and bubble diameter and the end bubble diameter are known

to be zero and near zero respectively. Given the fixed and comparatively slow frame rate of

the high speed camera however, these points were very seldom captured in the footage. As

an initial analysis, the minimum bubble diameter was assumed to be within the exposure of

the frame that shows no measurable bubble diameter.

The difference in maximum diameters of the tap water tests with a tube and without is

small but apparent. While the presence of the tube was thought to have made a noticeable
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difference, in this case the change could be attributed to the tests being done on different

days.

Breakdown

When timed correctly, the first frame of the high speed footage in Figures 7.15

.

to 7.16

.

allows

break down nucleation sites to be illuminated. The breakdown in the laser path observed in

deionised water had noticeably fewer vapour bubbles that remained after the laser pulse than

that of the tap water.

Figure 7.15: Laser irradiation in deionised water 19GW/cm2 and 1.9GW/cm2.

Figure 7.16: Laser irradiation in tap water Top: 12GW/cm2 and 4.0GW/cm2. Bottom:

beam off a plate edge 0.047ms after pulse at 8.3GW/cm2.
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Ablation Residue

Within these submerged water tests, the residual cloud that remains in proximity to the

target after the bubble has dissipated is of unknown composition. It is likely to be a mixture

of metal particulates that were liberated from the target during ablation as well as gaseous

micro bubbles. Figure 7.17

.

shows that this cloud from a previous shot is a hindrance to

subsequent laser energy delivery because it (1) is optically blocking the beam path and (2) is

a nucleation site for direct ionisation (2.2

.

), promoting dielectric breakdown, which results in

highly absorbent plasma.

Figure 7.17: Water breakdown at 13GW/cm2 0.047ms after laser irradiation.

Summary:

• Laser exposure on the target surface under stagnant conditions produced a hemispherical

bubble that remains attached to the surface during growth and collapse.

• The maximum bubble size in deionised water was significantly larger than that of tap

water for the same laser output energy.

• Dielectric breakdown of the water left more bubbles in the beam path in tap water than

in deionised water.

• Residual products of ablation hindered the next laser pulse in a stagnant tank.
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7.3 Effect of Repetition Rate and Laser Energy on Cavitation

Bubbles

Explanation of Experiment

In the first part of this experiment, a carbon steel

.

almen strip target was submerged in a full

tank of DI water (11 litres) and received laser pulses fired at 1Hz with varying energies. The

pressure information was recorded for every shot and the bubble period was then obtained.

In the second part, energy was varied and the repetition rate of the laser was varied in intervals

of 1Hz, 2Hz, 5Hz and 10Hz. In both tests, the very first shot fired was done so in completely

stagnant conditions, that is with no movement of water or any disturbances in the beam path.

A summary of the experimental test parameters is found in Table 7.2

.

.

Table 7.2: Repetition rate test parameters.

Parameter Value

PI 8.3GW/cm2

Average Spot Diameter 1.0138mm

Rep Rate 1-10Hz

Water conductivity DI 2.59µS/cm @ 19◦C

Water velocity 0m/s

Target curvature 0mm (flat almen)

Observations

As can be observed from the sequential plot in Figure 7.18

.

, the first shot was always greater

than the second shot, regardless of power intensity. This was interpreted as difference with a

positive value. In order to simply account for all the subsequent shots, an average value was

used, expressed in Equation 7.1

.

.

% difference from first =

(
T1 −

∑n
i=2 Ti
n−1

)
T1

× 100 (7.1)

To understand this difference between the first shot and an average of the subsequent shots,

the magnitude of difference is plotted in Figure 7.19

.

.

The drop in bubble lifetime from the first bubble to the average value of the rest appeared to

be directly proportional to laser power intensity until a peak at 13GW/cm2.

Thereafter, the trend dipped at 17GW/cm2.
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Figure 7.18: Line graph showing bubble lifetime per shot number for various energy levels

in stagnant DI water at 1Hz.

Figure 7.19: Bar graph showing percentage difference in bubble lifetime between the first

shot and the average of all subsequent shots at laser energies at 1Hz.
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Figure 7.20

.

shows a summary of the difference between the first and subsequent average bubble

lifetimes at four different repetition rates: 1, 2, 5 and 10Hz. At each repetition rate, power

intensities were set to 2.2GW/cm2, 4.5GW/cm2, 9.3GW/cm2, 13GW/cm2, 17GW/cm2.

These are with a 1mm spot size at approximate energy levels of 100mJ, 200mJ, 400mJ and

800mJ respectively.

Figure 7.20: Bar graph showing difference in bubble lifetime between the first shot and the

average of all subsequent shots for varying repetition rates.

Discussion

Energy variation test at 1Hz

A drop in bubble lifetime as a result of less laser energy reaching the target in newly-disturbed

water conditions is to be expected. In the case of submerged laser peening, the beam loss is

associated with breakdown and blockages (such as bubbles) along the laser beam path. If this

loss factor is dependent on the energy of the beam, then it is logical to assume an increase in

beam energy will lead to an increase in beam loss. By this, it is reasonable to say that the

increase in bubble lifetime difference could be attributed to the break down losses rather than

any constant (or even spurious) beam blockages. It should be noted however, that breakdown

was significantly enhanced both by any parameters that change the dielectric strength of the

water as well as particulates (observed to be suspended in the water) and air inclusions (tiny

bubbles) that act as nucleation sites within the water.
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From the results in Figure 7.19

.

, after the local maximum of 13GW/cm2, the difference in

bubble lifetimes showed a possibility of saturation.

Energy variation test at 1 to 10Hz

The second test was a follow up of the first, making use of different laser repetition rates.

It was expected that the increase in repetition rate would result in a reduction of bubble

lifetime because the LSP process inherently disturbs the clear stagnant water conditions.

All stagnant water tests had a positive difference in bubble time between the first and subse-

quent shots, shown in values above the X-axis in Figures 7.20

.

, 7.19

.

. This means the conditions

that demonstrate the greatest laser energy transfer were those of the first shot i.e. clear stag-

nant conditions. The longer the time duration between the first and second (or subsequent)

shots, the clearer and more stagnant the conditions within the tank became by diffusion or

particles settling. This was apparent at 2.2GW/cm2, with an increasing trend that shows

the higher the repetition rate, the greater the difference in bubble lifetime from the first shot.

Within higher power intensities in Figure 7.20

.

, the trend was less clear, but followed an in-

crease until signs of saturation occurred at either 9.3GW/cm2 or 13GW/cm2. Interestingly

within the 17GW/cm2 test the trend appeared to invert, that is for higher repetition rates,

the difference in bubble time diminished.

Summary:

• The first laser shot fired in stagnant conditions always produced the largest cavitation

bubble.

• On average, the bubble time difference and corresponding laser energy loss increased

after first shot with higher power intensities. The increasing trend appeared to saturate

at a power intensity of around 9.3GW/cm2.
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7.4 Effect of Test Duration

Explanation of Experiment

In this experiment, a carbon steel

.

almen strip target was submerged in tap water with an

aquarium pump clearing the beam path and recirculating the water within the same tank.

This is illustrated by the arrows in Figure 7.21

.

. The laser was fired at an average power

intensity of 18GW/cm2 at 10Hz at the target for 11 minutes. The target mount was moved

with a high coverage pattern covering 5mm × 60mm on the almen strip. The parameters in

this test are summarised in Table 7.3

.

.

Lens

Optical
window Beam StopTransducer

Target
Recirculated Tap water 

Precision slide

Figure 7.21: Experimental set up of the edge test.

Table 7.3: Paramaters for the duration test.

Parameter Value

PI 18GW/cm2

Average Spot Diameter 1.004mm

Rep Rate 10Hz

Water conductivity 211.4µS/cm @ 26.1◦C to 211.6 µS/cm @ 25.6 ◦C

Water velocity > 0m/s (unknown, but rapidly moving)

Target curvature 0mm (flat almen)

Observations

After every minute, 20 shots were recorded. The average bubble lifetime and measurement

uncertainty bars for eleven of these minutes are plotted in Figure 7.22

.

, both of which reduce

with time. It should be noted that although only a sample of 20 measurements were obtained

at each passing minute mark, the laser was firing continuously, peening the surface of the

78



almen strip at 10Hz. This means that cumulatively 6600 shots were fired into the metal

surface in the same tank of water. The bubble lifetime diminished by 0.17590ms or 23.57%

over the eleven minutes. Water conductivity was recorded before and after the full test. The

dashed line represents the change in water conductivity, a 0.0946% increase.

Figure 7.22: Average bubble life time and water conductivity over the long duration test,

error bars represent the measurement uncertainty for an average of 20 pulses.

Discussion

Since all previous tests that make use of a laser repetition rate of 10Hz showed a drop in

bubble time, the perceivable drop that occurred in the first two minutes was expected. The

larger measurement uncertainty of the first and second minutes is unsurprising, since the

average bubble time diminished so rapidly from the first shot as observed in Figure 7.18

.

.

The magnitude of standard uncertainties tended to reduce overall as the test progressed. This

reduction in dispersion, along with a nearly unchanging average, indicates a rough stability

was present after 8 minutes.

It was initially thought that the metal vapour liberated from the high intensity peening would

increase the concentration of particulates in the tap water. Impurities in the water may lower

the dielectric breakdown threshold of water [41

.

], which would lead to a reduction in delivered

energy and thus observable bubble time.
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While the average bubble lifetime did reduce significantly, the average water conductivity in

this test did not change significantly (211.4µS/cm to 211.6µS/cm), and could be easily fall

in the range of the device uncertainty of 1.0570µS/cm for this range, which means essentially

constant conductivity [71

.

]. Yet, the bubble lifetime and inferred laser delivery clearly under-

went a reduction over time. This suggests that, within this tank, the average conductivity

alone did not represent the efficacy of laser energy delivery in water.

As is shown in the high speed photography (such as in Figure 7.10

.

), it can be seen that small

bubbles were present on the surface of the large cavitation bubble. These tiny gas bubbles

may not have affected the conductivity of the water at large, yet could still have acted as a

nucleation site for breakdown, and as such could have changed the dielectric strength of the

water, if present in the beam path. The same may be true for the metal particulates, in low

enough concentration.

With this understanding, the gas within the tap water (either whole bubbles or dissolved air

that comes out of solution) and metal particulates could both be the dominant reasons for

the reduction in delivered laser energy within this experiment, rather than conductive ions in

solution.

Summary:

• After eleven minutes of LSP at a high power intensity and high repetition rate, the

average bubble lifetime diminished by 23.57%, indicating a diminishing beam delivery

to the target surface.

• The water conductivity within the tank increased by 0.0946% over the duration of the

test, which was within the uncertainty of the conductivity measurement. This means

conductivity was essentially constant.

• Small gaseous vapour bubbles within the water surrounding the cavitation event were

present in every test, and were thought to be the primary contributors to the reduction

in delivered beam energy.

• It is currently unclear whether the conductivity was an insensitive indicator of likely

dielectric breakdown in this experiment or if a poor measurement of conductivity was

recorded altogether.
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7.5 Tests in Tap Water

Explanation of Experiment

In order to better understand the response of a LSP system in stagnant tap water, three tests

were conducted. All three tests used a carbon steel

.

almen strip target, seen in Figure 7.23

.

,

in open water. Each shot was fired at least 20 seconds after the previous shot, allowing for

stagnant conditions to return between. The first test, “Test 1” was a control test, filled from a

dry tank. DI water was used to rinse the tank before “Test 2” and “Test 3” tests to ensure no

residual solutes were present in the tank. The water conductivity did not vary beyond 1.2%

of the average value shown here. A summary of the test parameters is found in Table 7.4

.

.

Lens

Optical
window Beam StopTransducer

Target
Stagnant Tap water 

Precision slide

Figure 7.23: Experimental set up of the stagnant tap water tests.

Table 7.4: Stagnant tap water test parameters.

Parameter Value

PI 2.1 - 17GW/cm2

Average Spot Diameter 0.996mm

Rep Rate 0.05Hz

Water conductivity Tap 202.1µS/cm @ 24◦C

Water velocity 0m/s

Target curvature 0mm (flat almen)
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Observations

Three stagnant tests were performed in tap water and is plotted in Figure 7.24

.

.

Figure 7.24: Each point represents the average bubble lifetime of at least six shots with

measurement uncertainty bars for stagnant tap water conditions. No Tube check is plotted

for comparison with the following section.

Each of the three tests displayed an increasing bubble lifetime with an increase in laser en-

ergy. It is characterised by a steep and seemingly proportional increase from 2.5GW/cm2 to

10GW/cm2 after which the increase is either shallow or unreliable. This compares well to the

plots seen in Figures 2.19b

.

where the predictability of the data diminishes at a certain laser

power intensity.

The apparent saturation of the bubble lifetime in Figure 7.24

.

is also at a similar point to

that seen in Figure 7.19

.

- at a laser power intensity of between 8.5GW/cm2 and 13GW/cm2.

This is distinguishable in two ways. The first is the flattening average bubble lifetime with

increasing laser energy, that is a shallow or negative gradient between two average points. The

second is by observing the measurement uncertainty, plotted on each point with vertical error

bars. The unstable plasma breakdown events introduce a greater overall stochastic variation

in the results. In each test there is a point or power intensity at which the magnitude of the

measurement uncertainty appeared to increase more rapidly than before. This point may be

taken as the beginning of the system saturation. This means that the ‘knee’ or saturation
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point is an important indicator to the stability of the process. Points that have a lower laser

input than this point exhibited greater stability than points with a higher laser energy input.

Since the conditions for this test are within stagnant water, the assumptions of constant

static pressure are applicable and could be used to estimate the bubble energies for each

power intensity. The bubble energy estimates for this test is given in Figure 7.25

.

.

Figure 7.25: The average bubble energy of at least six shots per point for stagnant tap

water conditions. Error bars denote the uncertainty associated with each average.

Summary:

• The point at which the system began to saturate appeared to be associated with the

point with greatest variance in stagnant water.

• The saturation point appeared to be an important indicator of the laser cavitation

bubble system predictability.
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7.6 Tests in a Tube of Water

A test to quantify the effect of a 50mm (40mm bore), 145mm long, acrylic tube in stagnant

water was performed. This tube, in Figure 7.26

.

, was fully filled with stagnant water ensuring

no air bubbles. The power intensity was increased from 2.2GW/cm2 to around 17GW/cm2.

A benchmark test without the tube was performed at 8.6GW/cm2. The test summary is

found in Table 7.5

.

.

Lens

Optical
window Beam StopTransducer

Target
Stagnant Tap water 

Precision slide

Tube

Figure 7.26: Experimental set up of the stagnant tap water tests within a tube.

The effect of the tube on the same day is illustrated in Figure 7.27

.

. The point measured with-

out the tube (in open water) is plotted here with a • marker. The comparable point O within

the tube, had a slightly higher average bubble lifetime, closely falling within the measurement

uncertainty of the open water bubble lifetime, if extrapolated to the exact same laser energy.

Thus, the effect of a 40mm diameter tube was found to increase the bubble time, though not

beyond the measurement uncertainty of the test without the tube.

Table 7.5: Initial tube test parameters

Parameter Value

PI 2.2 - 17GW/cm2

Average Spot Diameter 0.992mm

Rep Rate 0.05Hz

Water conductivity Tap 201.6µS/cm @ 23.9◦C

Water velocity 0m/s

Target curvature 0mm (flat almen)
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Figure 7.27: Stagnant tap water tests, each point showing an average and measurement

uncertainty bars of 10 single shots.

Observing the standard uncertainties, this measure of dispersion displays no apparent sudden

increase in this plot. The point of saturation appeared to be around 14GW/cm2, where the

average bubble lifetime does not increase significantly.

7.6.1 Flow at Low Repetition Rates

With the tube in the same position as before, water was then allowed to flow through the

tube to impinge on the target surface, all submerged underwater. The direction of the flow is

shown with arrows in Figure 7.28

.

with test parameters outlined in Table 7.6

.

.

Lens

Optical
window Beam StopTransducer

Target
Tap water at 0.1393 m/s

Precision slide

Tube

Figure 7.28: Experimental set up of the flowing tap water tests.
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Table 7.6: Flowing water test conditions.

Parameter Value

PI 2.3 - 18GW/cm2

Average Spot Diameter 0.971mm

Rep Rate 0.05Hz, 1Hz

Water conductivity Tap 200µS/cm @ 24.8◦C

Water velocity 0.139m/s

Target curvature 0mm (flat almen)

To illustrate the data distribution, a scatter plot of the single bubble lifetimes and laser shock

magnitudes is shown in Figure 7.29

.

. The shock magnitudes are the highest points on the first

peak found within the peak detection stage.

A good sanity check may be to compare the saturation behaviour of the laser induced shock

wave strength and that of the cavitation bubble lifetime, both being indicative of the energy

arriving at the metal surface. As the shock wave pressures in Figure 7.29

.

indicate however,

the comparison is no longer useful above 7GW/cm2, as the pressure values appear tied to

a maximum, while the bubble lifetime values continue to rise. The pressure limit was likely

enforced by the clipper attenuation circuit, successfully limiting the voltage recorded by the

DAQ input card.

Figure 7.30

.

shows the average bubble lifetime for varying laser energies at two repetition

rates. The data points ∗ display laser exposures done once every 20 seconds (0.05Hz) with

the • points showing that which was fired once per second (1Hz). It is clear that the flowing

tests at 1Hz produced on average a slightly larger (3.49% bigger) bubble than flowing tests

at 0.05Hz. This occurred at all energy levels.

The stability of the data points in this flow test is noteworthy. At both 1Hz and 0.05Hz,

each average data point had consistently smaller (31.79% less in the 0.05Hz an 74.74% less

in the 1Hz) measurement uncertainty magnitudes than the stagnant water tests, see prior

in Figure 7.27

.

. The average bubble time in the flowing tests compared to the stagnant test

increased by 4.58% and 8.22% for 0.05Hz and 1Hz respectively.
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Figure 7.29: Raw data scatter plot of the bubble times in blue and first shock magnitudes

in red. Each laser pulse is fired at 1Hz.

Figure 7.30: Flowing tap water tests at two repetition rates and the previous stagnant water

test. Each point showing an average of 10 shots at 0.05Hz and 29 shots at 1Hz plot along

with their measurement uncertainty bars.
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7.6.2 Further Flow Tests

Further tests presented here were conducted to confirm the relationship between delivered

laser energy and bubble lifetime in a flowing water stream. The target in Figure 7.31

.

was a

large, flat 304 stainless steel

.

plate 1.5mm thick submerged in the stream of flowing water.

Lens

Optical
window Beam StopTransducer

Target Tap water at 0.1393 m/s
Precision slide

Tube

Figure 7.31: Experimental set up of the flowing tap water tests on a large flat plate target.

These results are summarised in Figure 7.32

.

where each data point is an average of a minimum

of 10 and maximum of 110 shots. The uncertainties are omitted for clarity. These were done

at 1Hz (♦,#) and 2Hz (2) with a large 40mm internal diameter tube delivering 10.5 l/min

of tap water along the beam path. A stagnant test (+) within a tube (from Figure 7.27

.

) is

included to illustrate the effect of the flow. Also included are the points ∗ from aforementioned

0.05Hz test (Figure 7.30

.

) on a carbon steel almen strip, which is a different material.

Table 7.7: Details of multiple tests done in water flow and increasing power intensity.

Parameter # & 2 ♦

PI 1.2 - 19GW/cm2 1.2 -18GW/cm2

Average Spot Diameter 0.928mm 0.942mm

Rep Rate 1 & 2Hz 1Hz

Water conductivity Tap 200.52µS/cm @ 25 ◦C Tap 200.6µS/cm @ 24.3 ◦C

Water velocity 0.139m/s 0.139m/s

Target curvature 0mm (flat plate) 0mm (flat plate)

The effect of a different material (spring steel almen strip and stainless steel plate) produced

comparable bubble times in Figure 7.32

.

. A fitted two term exponential curve is plotted

alongside the data points. The equation for this curve and constants used are shown below

the curve.
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Figure 7.32: Summary of various tests done with water flowing along the beam path.

The averaged test results from Test 2 were used in the least squares interpolation of the curve

as it had the greatest number of data points. This type of equation was chosen as it adequately

represents the near-asymptotic behaviour of the data, that is tending to a saturated value.

There are three potential causes for the apparent upward shift in bubble lifetime from stagnant

to flowing tests; (a) the target geometry in the flowing test was different to that in the stagnant

test, (b) the flow might have been clearing the beam path effectively, allowing for greater laser

energy transmission through the water, (c) the flowing fluid may have caused a non uniform

pressure field, potentially lowering the local static pressure around the bubble.

7.6.3 Process Control Chart

An important tool for assessing whether or not a process is considered in or out of control

is a process control chart, illustrated in Figure 7.33

.

. In addition, this chart will show the

stability of the measurements over time giving rise to an important understanding of process

capability [78

.

].

Such a chart can be used to assist the operation of a LSP process. Each process would need

to have the Control Line (CL), Upper Control Limit (UCL) and Lower Control Limit (LCL)

firmly established beforehand. Experimental research is required to obtain stable operating

parameters and the boundary conditions that can support stability.
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A starting control limit may be inspired from the AMS2546A standard, section 3.3.4.1 which

places a ±10% limit on the beam energy [67

.

]. If ten consecutive shots exceed or fall below this

limit, the control condition is violated. As a more flexible control limit, the CL of a bubble

lifetime diagnostic may be established with an averaged value at a given laser operating point.

The UCL and LCL may then be calculated either as ±10% from the average or as a multiple

of the standard deviation of the average bubble lifetime.

Figure 7.33: An example of a process control chart showing the variability and limits.

Figure 7.34

.

illustrates a control chart that has UCL and LCL lines plotted by shifting the

fitted curve (refer to Figure 7.32

.

) vertically up and down. The Test 2 data set was used to set

control lines at ±3 standard deviations from the centre. For illustration, data points outside of

these boundaries (here the stagnant points) are considered out of control. This demonstrates

the diagnostic potential of laser induced cavitation bubbles in identifying stagnant water

conditions over a range of laser power intensities.

7.6.4 Bubble Lifetime Saturation

In previous experiments, a form of saturation of the bubble time with power intensity has

been identified based solely upon visual inspection of the slope or the variance of the averages,

but no exact point has been identified. In order to more reliably ascertain a realistic point of

saturation, a curve is fitted to each data set, shown in Figure 7.35

.

. After fitting a rational

function curve, the analytical point of saturation is found by iteratively assessing for a doubling

in power intensity, the earliest point at which the bubble lifetime increases just below a

threshold. In Figure 7.35

.

, the power intesity of five different tests are shown for a saturation

threshold of 10%.
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Figure 7.34: Control boundaries based on the fitted curve in Figure 7.32

.

.

Figure 7.35: Analytical points of saturation for different tests.
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Systematically, the point of saturation represents the capability of the diagnostic in this

particular operating condition; beyond this point it becomes difficult to determine the laser

input from a given bubble time.

Experimentally, this point represents the highest effective energy transfer from laser to bubble

energy within the system. This limitation is enforced by the narrowing laser beam reaching

the breakdown strength of the water, where the power intensity is close to the maximum

but before the target. After breakdown becomes present, any more laser energy is readily

absorbed in this premature plasma.

Monitoring the laser beam prior to the target will not reveal this, yet the limits of this

experiment are readily observed with the cavitation bubble period.

Summary:

• The presence of the tube caused a minor increase in bubble lifetime compared to an

open water tank.

• Flowing water increased the cavitation bubble lifetime by up to 8.22% due to clearing

the beam path more effectively or by reducing the local static pressure around the bubble

or a combination of these two reasons.

• Flowing water also reduced the variability in bubble lifetime by 31.79% at a 0.05Hz

pulse repetition rate of the laser. A the greatest stability was seen at a 1Hz repetition

rate.

• A two-term exponential curve and a rational function could both be closely fitted to the

data points, approximating the relationship between bubble lifetime and laser energy in

this system.

• A control chart with control limits based on ±3 standard deviations of the fitted curve

demonstrated the diagnostic potential of laser induced cavitation bubbles.

• A range of systematic saturation was identified at power intensities between 6.5GW/cm2

and 7.5GW/cm2.
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7.7 Near Edge Effect

When panel sections are processed with LSP in industry, it may well be required to treat the

metal from edge to edge. As a diagnostic system needs to accommodate this feasible scenario,

the shape and bubble size of laser induced cavitation bubbles within proximity to a plate edge

was explored in this experiment.

Explanation of Experiment

The front face refers to the laser irradiated side of a 304 stainless steel

.

plate, the rear face

refers to the opposite side of this plate. In Figure 7.36

.

, the entire plate was submerged and

both sides were in contact with water.
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Optical
window Beam StopTransducer

Target Tap water at 0.1393 m/s
Precision slide

Tube

Figure 7.36: Experimental set up of the flowing tap water tests on a large flat plate target.

Table 7.8: Edge test parameters.

Parameter Value

PI 8.3GW/cm2

Average Spot Diameter 1.01mm

Rep Rate 1Hz

Water conductivity Tap 200.6µS/cm @ 24.3 ◦C

Water velocity 0.139m/s

Target curvature 0mm (plate edge)

The laser was positioned on the plate as now described:

At 0.0mm: After the initial spot size was fixed at a diameter of 1mm, the target was moved

along a plane by incrementally on the edge of the beam, such that the laser beam narrowly

missed the plate, and ablation of the metal was no longer observed.
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At 0.5mm: The 3D printer X-axis was then manually incremented 0.5mm into the beam

path. This meant half the beam bypassed the target while the other was blocked by the

target.

At 1mm: The 3D printer X-axis was then manually incremented 0.5mm further into the

beam path which means the beam was fully blocked by the plate.

At 2mm - 20mm: The target was then manually incremented further. The beam was fully

blocked by the plate at this distance from the edge and all distances further. Figure 7.37

.

summarises these relative positions of the laser spots on the edge of the plate.

Observations

Figure 7.37: Collection of first frames from the edge tests, each being 0.047ms after a

8.3GW/cm2 laser pulse. The green dot shows the relative position of the 1mm laser spot to

the edge of the plate.
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Figure 7.38: High speed imagery of edge tests at varying distances (0mm - 20mm) from

the edge. Maximum bubble radius along beam path was 7.06mm. All tests at 8.3GW/cm2.
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Description of high speed images

At 0mm: A cylindrical cloud of cavitation bubbles was observed along the beam path as

the laser energy was absorbed by the water; it completely missed the metal target surface.

At 0.5mm: The bubble was formed almost immediately on the edge and grew to wrap

asymmetrically around the back of the plate. The total size of this bubble was considerably

smaller than that of the subsequent bubbles. The collapse was also asymmetric; the bubble

on rear face was diminished sooner than the front.

At 1mm: The growth of this bubble was highly asymmetric over the plane of the plate. Like

with the 0.5mm case, the bubble grew larger on the front face. The bubble appeared to grow

beyond the edge to wrap around the rear of the plate. The rear side of the bubble was flatter

and less spherical than the front. It also had a turbulent or textured surface. After the final

bubble volume was reached, the rear part of the bubble appeared to rush around the the edge

to meet the front part in one single collapse. A rebounding cavitation cloud was observed on

the front face after collapse. A similar cloud occurred to a lesser extent on the rear.

At 2mm: Similarly to the 1mm distance, the growth of this bubble was highly asymmetric

over the plane of the plate, with more of the bubble volume found on the front face. The

growth of the front bubble continued 3 frames beyond the point where the rear began to

collapse. Similar rebounding cavitation clouds were observed upon collapse.

At 3mm to 4mm: Similarly to the 2mm distance, the growth of these bubbles was once

again asymmetric over the plane of the plate. One notable change was the reduction of the

maximum rear side bubble volume, and the reduction of the cavitation cloud on the rear side

upon bubble collapse, in the final frame.

At 5mm: The bubble was reaching over the edge, but no longer convincingly wrapped

around to the rear face of the plate. Collapse was still asymmetric where the edge portion of

the bubble rushed to collapse nearly on the laser spot.

At 10mm to 20mm: The bubble grew to a maximum radius of roughly 7mm and collapsed

symmetrically about the laser axis. The maximum size of the cavitation bubble was within

the edge of the plate. A rebound bubble was observed after the initial bubble collapsed at

the location of the laser spot.

On the near-edge tests (0.5mm to 4mm), it appeared that two separate bubbles are formed;

behind and on the front side of the plate. This was however not validated as this second

bubble was reduced with the target movement and was entirely not present in those tests

further (5mm to 20mm) into the plate.

Instead, it may be that the rear bubble was an extension of the front bubble and followed

the edge of the plate as it collapsed into the front bubble. This means that near to the edge

of the plate, in addition to growth on the front and rear, part of the bubble grew along the

camera axis.
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Bubble time

Figure 7.39

.

shows the variation of bubble lifetime time compared to the distance from the

edge. Each point was an average of 3 shots, and measurement uncertainty was shown in error

bars. Between 0.5mm and 1mm distances was a rapid increase in bubble lifetime. Thereafter

an upward or growing trend was seen from 1mm to 2mm offset distances. In the subsequent

points, the bubble lifetime increased, though not at a rapid rate. The last point, fired at

40mm from the edge, was included on this plot from a prior test to understand how the

bubble behaved beyond 20mm from an edge.

Figure 7.39: Bubble lifetime at varying distances from the edge of a plate. Each point shows

an average of three bubbles and each error bar represents the measurement uncertainty.

The reason for the sudden spike in bubble time from 0.5mm to 1mm was due to the sudden

two fold increase in area that could absorb the laser radiation, from effectively a 0.5mm

diameter to 1mm.

The second steepest increase in bubble lifetime occurred from 1mm to 2mm from the edge

of the plate. In this case, both spots were fully on the target surface which implies that all

the available laser energy was absorbed in both positions. Studying the high speed imagery,

it can be seen that the proportion of the total bubble volume which was behind (and on the

side of) the plate was lessened between the 1mm to 2mm points. This means that less of

the bubble energy was spent creating an unstable void that detaches rapidly, and the stable

bubble time increases.
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Between the 3mm and 5mm points, the gradually decreasing volume of the void behind the

plate could be attributed to the increasing distance from the edge. At 5mm there was no

longer a discernible bubble that appeared behind the plate as it was roughly one bubble radius

length from the edge. All three of these bubbles collapsed asymmetrically, initiated from the

edge of the plate.

At 10mm to 40mm points the bubble growth and collapse was symmetrical, unaffected by the

edge as it only made contact with the flat plate surface. The bubble lifetime was comparable

to that of the previous tests.

For all spots that fell fully on a flat stainless steel plate, the proximity to the edge reduced

the bubble lifetime by a maximum of 9.8% compared to those far (20mm) from the edge.

The variances of the bubble life times positioned at 1mm and 2mm from the edge were

smaller than that of 3mm, 4mm and 5mm from the edge. It is postulated that at points

nearest to the edge, the bubble had sufficient energy to remain attached to the side and rear

surfaces of the plate in the early stages of bubble expansion. This attachment then provided

repeatability of bubble behaviour. Once the centre of the bubble moved beyond 3mm, it

met the edge of the plate later on in its expansion and with correspondingly less sustaining

energy than earlier. This means the edge, once separated from the bubble wall, behaved as a

discontinuous pressure boundary, and initiated collapse with greater uncertainty.

Summary:

• If the laser spot did not fully fall on the surface of the target, less of the available laser

energy was absorbed and the resulting cavitation bubble was substantially reduced.

• If the spot was fully on the surface of the target metal, but within one maximum bubble

radius of an edge, the cavitation bubble growth was destabilised and its life time was

reduced proportional to the proximity to the edge.

• If the spot was further than the maximum bubble radius from an edge, it produced a

stable bubble within 5% of the maximum bubble size.
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7.8 Geometrical Boundary Effects

As mentioned in Section 2.4.1

.

, Godwin et al. postulated that both toroidal flow towards the

centre of the bubble during collapse, and the presence of a solid boundary are a hindrance to

cavitation collapse [39

.

]. This implies that if there is any geometrical boundary supporting this

effect by hindering the flow, or inducing similar toroidal flow, it will do likewise and extend

the collapse time for the cavitation bubble.

This experiment was performed to understand how different geometry - concave and convex

surfaces in a material and pulse rate typically found in industry - affect cavitation bubble

oscillation periods and to what extent.

7.8.1 Explanation of Experiment

The average spot size, recorded here, was measured both before and after the experiment on

a flat plane. A fixed offset distance from the tube exit was used to ensure the same beam

length (and spot size) was present to the middle surface of each target. A summary of the

experimental parameters was found in Table 7.9

.

. Figure 7.40

.

shows the position of the tube,

targets and transducer in the water.

Table 7.9: Geometery test parameters.

Parameter Value

PI 8.3GW/cm2

Average Spot Diameter 1.011mm

Rep Rate 1Hz and 10Hz

Water conductivity Tap 200.2µS/cm @ 24.3 ◦C

Water velocity 2.23m/s

Target curvature channel or semi-cylinder -5mm to 5mm radius

This experiment made use of various test targets cut from a martensitic chromium steel

.

turbine blade. These, shown in Figure 7.41

.

, were convex and concave semi-cylindrical shapes

each on the surface of a 20mm × 20mm block. These blocks were clamped on a jig for easy

alignment and removal. Each shot was focused on the surface to have approximately 1mm

spot size at a 400mJ laser energy for a power intensity of approximately 8.3GW/cm2.

Figure 7.42

.

illustrates that convexity was taken as a positive radius (protruding out of the

surface) and concavity was taken as a negative radius (dipping into the surface).
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Figure 7.40: Experimental set up of the flowing tap water tests on varying chromium steel

target geometries.

Figure 7.41: Various curvature shapes tested.

Figure 7.42: Convex radii were assigned positive values, concave radii were assigned negative

values. Flat targets had no curvature, or zero radii.
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7.8.2 Bubble Lifetime Observations

As the concave geometry in Figure 7.43

.

became shallower, that is the concave radius decreases

in depth towards zero, so too did the first bubble oscillation period or bubble lifetime. For

a −5mm to −2.5mm concave channel change, the first bubble oscillation period reduced

by 0.088ms or 5.61%. As the convex geometry in Figure 7.44

.

became prouder, that is it

increases in convex radius 3mm to 5mm, so the first bubble oscillation period reduced overall

by 0.108ms or 7.51%. Figure 7.45

.

shows that a flat target near the corner clamp displayed

8.28% larger bubble time (or 0.112ms longer) than the same target surface further from the

clamp. The stagnant and flowing tests near the clamp produced nearly identical average

results, within 0.0684%.

Figure 7.43: Plot showing average bubble lifetime (of at least 9 points) of concave geometry

plotted against target radius at 1Hz at 8.3GW/cm2, with flowing water at 2.23m/s.

Figure 7.46

.

shows the effect of curvature in general (with one exception at 2.5mm in both

flowing and stagnant water); the bubble period increased with larger concave radius, and

decreased with larger convex radius. Flat targets produced bubble periods between these.

The largest (−5mm) concave target showed a 7.17% longer bubble lifetime than the flat

target and the largest (+5mm) convex target showed a 9.08% smaller bubble lifetime than

the flat target.

In Figure 7.46

.

, it is clear that a similar result was present at a industry laser pulse rate

of 10Hz as at the experimental 1Hz. The 10Hz pulse rate was distinguished by an overall

vertical shift upward regardless of the geometry.
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Figure 7.44: Plot showing average bubble lifetime (of at least 3 points) of convex geome-

try plotted against target radius at 1Hz at 8.3GW/cm2, in stagnant and flowing water at

2.23m/s.

Figure 7.45: Plot showing average bubble lifetime (of at least 3 points) of flat geometry

irradiated at 1Hz, 8.3GW/cm2, in stagnant and flowing water at 2.23m/s.
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Figure 7.46: Average of at least 10 bubble lifetime points plotted against target radius with

8.3GW/cm2 laser pulses at 1Hz and 10Hz, in stagnant and flowing water at 2.23m/s.

The energy received by the energy meter during these tests is shown in Figure 7.47

.

. It is

evident that all tests at 1Hz were performed at near 0.4 J.

Figure 7.47: Average of at least 10 Laser Energy points plotted against target radius at 1Hz

and 10Hz. Points were slightly displaced horizontally for clarity.

103



7.8.3 Discussion

A similar trend to that in Figure 7.46

.

was found by Tomita et al. in Section 2.4.1

.

. Their

results and those seen here, however, are not directly comparable since this experiment made

use of target boundaries that are smaller than the bubble maximum diameter, and used

hemispherical bubbles that were attached to the target surface, whereas Tomita et al. did

experiments on spherical bubbles in proximity but not touching the nearby and with much

larger surrounding geometries [40

.

].

As with the previous flowing experiments, the bubble lifetimes were stable, with one exception

at the flowing and stagnant test on the +2.5mm radius target in Figure 7.46

.

.

The effect of geometry on the life time of cavitation bubbles was significant. Since the compa-

rable case (far from the clamp, in flowing conditions in Figure 7.45

.

) produced similar results

to that of the flat plate experiment in Figure 7.32

.

prior, the change due to the target and

other nearby geometry is apparent. Each case was affected in three ways: proximity to the

clamp, whether its surface was flat/concave/convex and the radius of that geometry. The

proximity to the clamp increased the flat bubble life time by 8.28%, which is a significant

change. This increase was assumed to be present in all other concave/convex cases, though

this was not verified.

A larger concave radius displayed a longer cavitation bubble life time, the increase was 5.61%

between a 2.5mm to 5mm radius channel. In general, a larger convex semi-cylinder displayed

a shorter bubble life time, the largest decrease was 7.51% between 3mm and 5mm radius

semi-cylinders. From the largest concave radius to the largest convex radius, the bubble

lifetime reduced by 15.17%.

The increase in bubble lifetime between the 1Hz and 10Hz pulse rates can be explained in

two ways; a slight increase in the energy of the laser or a slight increase in spot size as that

in Figure 7.2

.

(around +11%). Figure 7.47

.

demonstrates that there was an increase in laser

energy (around +4.3% from the data) for all geometry tests with the increase from 1Hz to

10Hz. The difference was consistent and stable; when the laser energy was set at 1Hz, an

increase would be present if the laser was switched to a 10Hz pulse rate. The energy remained

at this level with comparable variance as at 1Hz, given by the similar length of measurement

uncertainty bars in Figure 7.47

.

. Since spot sizes were not measured in during these pulse

rate changes, this increase in laser energy is the most plausible explanation for the increase in

bubble lifetime. Interestingly, this statement cannot be applied to the flat geometry at 1Hz,

which when at 10Hz displayed a reduced bubble lifetime despite the increased laser energy.
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7.8.4 High Speed Image Observations

High speed footage of the cavitation bubbles with different target geometries and flow fields

is shown in Figure 7.48

.

.

Figure 7.48: Summary of high speed images for flat, concave and convex geometry changes.
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Figure 7.48

.

demonstrates the similarities and differences between each test. Row A was the

only test not done near the internal corner made by the mounting clamp. It demonstrated a

good baseline behaviour of a hemispherical bubble in flowing water with minimal geometry

boundary effects. The subsequent images (Row B to L) were all near the clamp holding the

sample.

Within these high speed images, a particularly obvious feature is the shape of expanding

cavitation bubbles attached to concave radii.

In general, the expansion phases (in results row D to G in Figure 7.48

.

) produced nearly

hemispherical bubbles until the bubble boundaries met with the concave surface. During this

time, the outward flow of liquid displaced by the cavitation created a region of separated

flow on the outer edges of the concave recess. This region is thought to be a flow separation

bubble. The potential maximum bubble size for the same laser exposure was seen in the flat

test, row A. This means that the size of the cavity was significantly larger than the concave

geometry features tested here and that the expansion occurred beyond the boundary into the

open water. As the cavitation bubble was constrained either side, it was directed out of the

geometric cavity and met with the separation bubbles on the sharp corners. These coalesced

and the resultant largest volume took on the form of a mushroom top. It is also postulated

that the expansion of the bubble occupies the length of the concave channel (along the axis

of the camera) but the shape was not confirmed by these results.

The cavitation bubbles attached to convex radii look and behave more like the bubbles on a flat

surface than those on concave radii. A closer-to-spherical shape was flattened by the flow of

water impinging on its top shape along the laser axis. The presence of the nearby boundary

wall flattened the one side of the bubble to some extent as well. During the collapsing

phases, the bubble reduced in size asymmetrically, leaning towards the corner. In Row I, in

Figure 7.48

.

, the progression towards the corner appeared to split the collapsing cavity, leaving

a smaller bubble separated by the 2.5mm radius geometry in frames 8 and 9.

7.8.5 Discussion

The presence of the inside corner due to the clamp affected the manner in which bubbles grew

and collapsed. The shape of the bubble during expansion was slightly affected in the flat tests

(rows A to C) and the convex tests (rows H to L). Figure 7.49

.

illustrates the progression of

the bubble towards the inside corner during collapse. The corner appeared to affect all tests

done nearby in this way.
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Figure 7.49: Progression of bubble collapse from maximum radius for flat target near corner

(Row B in image above). Produced by laser pulse at 8.3GW/cm2, in stagnant tap water.

The important attribute of bubbles, particularly those that collapse toward a corner, is the

nature of the shock wave emitted. In a symmetrical collapse, the shock wave was produced

from a focussed bubble volume on the surface of the target. The resultant shocks, shown in

Figure 7.50a

.

, were uniform and intense. In a corner affected collapse, the bubble location

migrated, introducing further non-uniformity and the final shape was more of a cloud, such

that the energy of the collapse was both dispersed and disordered. The received shock wave,

shown in Figure 7.50b

.

, was of a lower pressure and less pronounced than that of a symmetrical

case. This may however be due to the transducer placement no longer being in an optimal

position (due to the bubble migration towards the corner) to record the shock wave passing.

Schlieren flow visualisations can be used to understand this result in future work.

This affirms the important role of geometry in the behaviour of cavitation bubbles. This is

of great importance if the diagnostic tool is applied to LSP of continually changing geometry

such as gear teeth, shafts or the fir tree roots of turbine blades. If the geometry is not easily

predictable, this is anticipated to severely limit the applicability of the diagnostic tool.
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(a) Pressure waveform for a symmetrical bubble

collapse on a flat surface 20mm from an internal

corner.

(b) Pressure waveform for an asymmetrical

bubble collapse on a flat surface near an internal

corner.

Figure 7.50: Cavitation bubbles in flowing water at 2.23m/s at an average power intensity

of 8.3GW/cm2.

Summary:

• The control case of a flat geometry, flowing (and stagnant) water with no nearby corner

produced comparable results to those points near 8.3GW/cm2 in a previous experiment,

Figure 7.32

.

.

• Any cavitation bubble near an internal corner collapsed asymmetrically towards the

corner. This occurred regardless of the presence of flow or not.

• The presence of a nearby internal corner geometry extended the lifespan of the cavitation

bubble on a flat surface and potentially other surfaces.

• As the target geometry changed from the largest concave radius to the largest convex

radius, the bubble lifetime reduced by at most 15.17%.

• The increase in frequency increased bubble lifetimes by 4.3%, attributed to a laser

characteristic which increased the pulse energy when the pulse repetition rate changed

from 1Hz to 10Hz.

• The bubble lifetimes of flat targets in flowing and stagnant water were comparable

within 0.0684%.

• The geometry or shape of the target had greatest effect on bubble lifetime, the water

flow field had the next greatest effect.
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7.9 Experimental Summaries

• Pressure measurement system

– The transducer displayed peaks with high signal to noise ratio making peak detec-

tion possible and reliable.

– The rise in pressure for the laser shock wave was much steeper (more rapid) than

the cavitation shock wave.

– The design of the clipper limiting circuit was conservative, limiting the volage

output to around 7.668V or corresponding pressure of 2130 kPa.

– The peak values of both laser and cavitation induced shock waves were similar due

to the waveform being clipped above 2130 kPa.

– Above an amplitude of 2130 kPa, the uncertainty associated with the peak loca-

tions and corresponding bubble time was 400 ns. The conservative peak detection

uncertainty is 1.2µs.

– An erroneous waveform was remedied by replacing the transducer.

• Difference between deionised and tap water

– Laser exposure on the target surface under stagnant conditions produced a hemi-

spherical bubble that remains attached to the surface during growth and collapse.

– The maximum bubble size in deionised water was significantly larger than that of

tap water for the same laser output energy.

– Dielectric breakdown of the water left more bubbles in the beam path in tap water

than in deionised water.

– Residual products of ablation hindered the next laser pulse in a stagnant tank.

• Effect of laser repetition rate

– The first laser shot fired in stagnant conditions always produced the largest cavi-

tation bubble.

– On average, the bubble time difference and corresponding laser energy loss in-

creased after first shot with higher power intensities. The increasing trend appeared

to saturate at a power intensity of around 9.3GW/cm2.

• Effect of test duration

– After eleven minutes of LSP at a high power intensity and high repetition rate,

the average bubble lifetime diminished by 23.57%, indicating a diminishing beam

delivery to the target surface.
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– The water conductivity within the tank increased by 0.0946% over the duration of

the test, which was within the uncertainty of the conductivity measurement. This

means conductivity was essentially constant.

– Small gaseous vapour bubbles within the water surrounding the cavitation event

were present in every test, and were thought to be the primary contributors to the

reduction in delivered beam energy.

– It is currently unclear whether the conductivity was an insensitive indicator of likely

dielectric breakdown in this experiment or if a poor measurement of conductivity

was recorded altogether.

• Effect of power intensity in tap water

– The point at which the system began to saturate appeared to be associated with

the point with greatest variance in stagnant water.

– The saturation point appeared to be an important indicator of the laser cavitation

bubble system predictability.

• Flow within a tube

– The presence of the tube caused a minor increase in bubble lifetime compared to

an open water tank.

– Flowing water increased the cavitation bubble lifetime by up to 8.22% due to

clearing the beam path more effectively or by reducing the local static pressure

around the bubble or a combination of these two reasons.

– Flowing water also reduced the variability in bubble lifetime by 31.79% at a 0.05Hz

pulse repetition rate of the laser. A the greatest stability was seen at a 1Hz

repetition rate.

– A two-term exponential curve and a rational function could both be closely fitted

to the data points, approximating the relationship between bubble lifetime and

laser energy in this system.

– A control chart with control limits based on ±3 standard deviations of the fitted

curve demonstrated the diagnostic potential of laser induced cavitation bubbles.

– A range of systematic saturation was identified at power intensities between 6.5GW/cm2

and 7.5GW/cm2.

• Effect of edge

– If the laser spot did not fully fall on the surface of the target, less of the available

laser energy was absorbed and the resulting cavitation bubble was substantially

reduced.
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– If the spot was fully on the surface of the target metal, but within one maximum

bubble radius of an edge, the cavitation bubble growth was destabilised and its life

time was reduced proportional to the proximity to the edge.

– If the spot was further than the maximum bubble radius from an edge, it produced

a stable bubble within 5% of the maximum bubble size.

• Effect of boundary geometry

– The control case of a flat geometry, flowing (and stagnant) water with no nearby

corner produced comparable results to those points near 8.3GW/cm2 in a previous

experiment, Figure 7.32

.

.

– Any cavitation bubble near an internal corner collapsed asymmetrically towards

the corner. This occurred regardless of the presence of flow or not.

– The presence of a nearby internal corner geometry extended the lifespan of the

cavitation bubble on a flat surface and potentially other surfaces.

– As the target geometry changed from the largest concave radius to the largest

convex radius, the bubble lifetime reduced by at most 15.17%.

– The increase in frequency increased bubble lifetimes by 4.3%, attributed to a

laser characteristic which increased the pulse energy when the pulse repetition

rate changed from 1Hz to 10Hz.

– The bubble lifetimes of flat targets in flowing and stagnant water were comparable

within 0.0684%.

– The geometry or shape of the target had greatest effect on bubble lifetime, the

water flow field had the next greatest effect.
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8 | Discussion

The practical objective of this study was to evaluate the use of cavitation bubbles as a di-

agnostic tool to monitor the LSP process. This was achieved by identifying and quantifying

factors that affect (1) the accuracy of the diagnostic (i.e. stability) and (2) the useful range

(i.e. saturation behaviour).

The experiments presented here explored the initial behaviour of bubbles within stagnant

conditions, in both tap and deionised water. The study progressed to more realistic industrial

operating conditions, with flowing tap water and variations in geometry.

8.1 Objectives Achieved

Within the first experiments, the conditions for successful evaluation of laser induced cavita-

tion bubbles were achieved. Results produced here compare favourably to that in literature:

High speed imagery shows that the bubbles formed on a flat surface grow and collapse in a

symmetrical fashion. In particular, Figures 7.10

.

, 7.12

.

and 7.13

.

emulate the results of Nguyen

in Figure 2.10

.

[36

.

]. This is in spite of an orientation to gravity that differs by ninety degrees.

The waveform, in Figure 7.3

.

, obtained with the 113B21 pressure transducer shows high signal

to noise ratio, good peak prominence and repeatable response characteristics. This is compa-

rable to the waveform found in Figures 2.14

.

, 2.19a

.

and 2.20b

.

[41

.

, 28

.

, 61

.

]. The shock detail

in Figure 7.4

.

displays a steep laser shock wave and rise in the bubble collapse shock wave,

comparable to that in Figure 2.15

.

[43

.

].

As power intensity was increased, the bubble lifetime for both stagnant and flowing water

displayed a continuous, gradual, non-obvious point of saturation, in Figure 7.35

.

. Making use

of the discrete curve that was fitted gave a comparable power intensity saturation to that

found in Figures 2.7

.

and 2.6

.

at 532 nm [27

.

, 31

.

]. The earliest reasonable power intensity at

which the bubble lifetime saturated was around 6GW/cm2.

The lifetime of a hemispherical bubble in Figure 7.46

.

is extended with concave targets and

reduced with convex target surfaces. This is a similar result found by Tomita et al. in

Figure 2.12

.

however, with their bubbles formed at a distance with the surfaces [40

.

].
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In submerged LSP, the diagnostic potential of cavitation bubble lifetimes is comparable to the

previous real time diagnostic attempts in thin water LSP [13

.

] [60

.

]. In particular, Figure 7.35

.

shows an increasing (albeit non-linear) trend comparable to the PMT in Figure 2.21

.

and

saturation of power intensity very similar to Figure 2.19b

.

.

The acceptable correlation between the observed results and literature affirms the scientific

value of the methods employed.

8.2 Unexpected Results

The lack of conductivity change within the long duration experiment, as seen in Figure 7.22

.

,

and the implied unsuitability of the conductivity meter in detecting laser transmission condi-

tions, were not expected prior to this experiment. As a conductivity study was not a primary

objective, the research was able to continue without meaningful comparison between water

conductivity and breakdown susceptibility.

The laser spot size was not anticipated to change significantly over the course of the day,

since the laser cooling and room conditioning systems were both temperature controlled at

20◦C. As indicated in Figure 7.2

.

, the spot size clearly decreased over the course of multiple

measurements in one day. This change was anticipated to be due to the thermal effect that

a slight increase in room temperature (due to warm bodies, laser power supply, computers,

warming building in the sun) had on the optical path. As observed in literature, under pump

radiation, a YAG crystal (such as Nd:YAG used here) will display a positive lens effect, which

means the spot size reduces as the temperature of the rod increases [64

.

]. However, the effect

of increasing the heat rate into the system (higher repetition rate means higher heat rate,

discussed in Section 7.8.3

.

) showed the opposite, an increase in spot size, also indicated in

Figure 7.2

.

. The daily changes and variability of spot size were recorded and included in the

power intensity uncertainty within each of the results.

The initial tests for displayed saturation of around 10GW/cm2, is supported by literature

with 1064 nm [26

.

, 5

.

] and one source with 532 nm lasers, [28

.

]. However for 532 nm, subsequent

studies have demonstrated that saturation occurs earlier at 6GW/cm2 to 8GW/cm2 [27

.

].

Before understanding this, and in the limited experimental time, a mid-point of laser capability

of around 9GW/cm2 was chosen based solely on the mid-point of laser capability, and kept as

the default power intensity during the geometry experiments. In hindsight, a more suitable

default power intensity would be below 6GW/cm2.
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In Figures 7.8

.

and 7.7

.

, the true peak pressure values above 2130 kPa are attenuated by the

presence of the inline clipper circuit, intended to limit the voltage to 10V. The first impli-

cation of this (discussed in Section 7.1.3

.

) is that the bubble lifetime measurement includes a

temporal uncertainty of at most 1.2µs. This contributes minimally to the overall uncertainty,

as explained in Section 6.3.3

.

.

The second implication is that any comparison between the peak pressure values of the laser

induced shock wave and the bubble lifetimes (such as that in Figure 7.29

.

) are only valid at

pressures below 2130 kPa.

The third implication is that the transducer is potentially exposed to over-pressure values

[69

.

], which can introduce resonances into the waveform, shorten its serviceable lifetime or

damage the internal piezoelectric element. Within this study, this may have occurred in

Figure 7.6

.

, but by virtue of the diagnostic itself, was quickly identified and remedied with a

new transducer.

The transducer response, which as explained by Walter [77

.

] in Section 6.4

.

as less than ideal,

can still measure the medium to large cavitation bubble lifetimes found in LSP. This implies

that the diagnostic technique here need not use (but can benefit from) specialised needle or

fibre-optic hydrophones, and can accommodate cheaper transducers with a rise time of 1µs.

8.3 Limitations

The growth and collapse of laser induced cavitation bubbles can be used as a diagnostic tool

in LSP.

Strictly speaking, the primary limitation of this diagnostic is the measurable presence of

laser induced cavitation bubbles, rather than the transfer of laser energy. Improving the

efficiency or predictability of laser energy transfer to the target will not necessarily improve

the diagnostic potential of the resulting cavitation bubbles. However, since the diagnostic

cannot be separated from the practical limitations of submerged or thick water layer LSP,

any improvements made in laser energy transfer leads to improved calibration, range and

operation of the diagnostic itself.

If stagnant water is used, deionised water is the preferred confinement medium as the larger

bubble size (and therefore higher laser energy transfer) in Figure 7.12

.

can attest. The transfer

of laser energy is most greatly assisted, however, through replenishing the water along the

beam path, more so than when using stagnant deionised water as the confinement medium.
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This is evident when comparing bubble lifetimes in Figures 7.27

.

and 7.30

.

: both the stability

and magnitude of cavitation bubbles are significantly improved with flowing water.

The secondary limitation of this diagnostic is the sensitivity to changes in target geometry.

Naturally, the laser energy transfer is reduced when some of the light completely misses the

target surface. This is indeed confirmed by the rapid change in bubble lifetime in Figure 7.39

.

of the edge proximity experiment. This experiment also revealed the instability of cavitation

bubbles near (within one bubble radius) an edge. This is a limitation if a per-shot diagnostic

is needed for LSP treatment near or on an edge, but if the bubble instability and average

values are used to identify proximity to the end of a work piece, such a characteristic could

prove beneficial in a diagnostic.

LSP can be applied to intricate shapes beyond that of a simple flat geometry. Tomita et

al. and Godwin et al. demonstrate that nearby geometry plays an important role in the

behaviour of cavitation bubbles, particularly manner in which collapse occurs [39

.

, 40

.

]. As

a consequence, the manner in which this diagnostic tool is affected by target geometries is

explored in the final experiment. The common shapes found on turbine blades and gear teeth

are simplified by round concave and convex diameters. Figure 7.46

.

illustrates that the effect

these target shapes have on bubble lifetime is significant, the largest difference from a flat

target being +7.17% and −9.08% on concave and convex shapes respectively.

An important assumption, that was not confirmed, was to show that laser-induced and bubble-

collapse shock waves have similar speeds and shapes. It was assumed, for uncertainty calcula-

tions in Section 6.3.3

.

, that the bubble collapse shock wave is half the speed of the laser induced

shock wave - within the same cavitation bubble measurement. Comparing the first and second

peaks in Figures 2.14

.

, 2.19

.

and 2.20b

.

as well as the aforementioned results in Section 7.1

.

how-

ever, the difference is at most half, confirming that this assumption is conservative. The true

value of the shock wave velocity is difficult to obtain with the single transducer available to

this project, but would be easily verified with two transducers separated by a known distance.

This investigation would have been improved if the shape, direction and strength (and corre-

sponding speed) of the shock front could have all been validated and better understood using

flow visualisations such as Schlieren photography or similar. With this understanding, the

placement of the transducer may also be improved in future work. Further work should also

include the testing of other aerospace target materials such as aluminium, magnesium and

titanium alloys.
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8.4 Findings

The stability and resulting sensitivity of bubble times as a diagnostic tool to monitor LSP is

affected by the clarity of water in the beam path, whether the water was stagnant or flowing,

target geometry, laser material interaction and changing repetition rate. The greatest changes

were observed with water flow and target geometry.

In industrial applications, the investigated diagnostic tool may be limited to flat or predictable

geometries that do not significantly change over the area being treated. A suitable application

is the processing of large flat plates, such as those found in tanks and aeroplane panels.

Each application is likely to have unique geometry, shape or material. This means extensive

calibration and understanding of how laser and flow variations affect bubble life time would

be required before value adding peening takes place. For this reason, absolute measurements

of localised laser energy cannot be correlated from bubble energy, only relative measurements

within the process (on the same part, on the same day) can be made.

Thus, the growth and collapse of laser induced cavitation bubbles can be used on uniform

targets as a useful diagnostic tool, and under the right conditions in the LSP process.

Contribution to Knowledge

The early preliminary experimental progress of this work was presented by Prof. C. Polese and

was well received in the 2nd European Workshop on Laser Peening and Related Phenomena

held in Hamburg between the 16th and 19th of September 2019 [79

.

] as well as at the OSA

Laser Congress, Laser Applications Conference held in Vienna between the 29th of September

and 3rd of October 2019 [80

.

].

This work was also intended for presentation at the International Conference of Laser Peening

and Related Phenomena (ICLPRP) in China mid 2020, but was unfortunately postponed due

to the COVID-19 global pandemic.
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9 | Conclusions

• An experimental test rig was successfully developed to measure pressure information,

observe dynamic behaviour and evaluate laser induced cavitation bubbles.

• This test rig was able to demonstrate the effect of increasing delivered laser power

intensity for a range of experimental conditions.

• The effect that target geometries (flat plates, concave channels and convex semi-cylinders

with 5mm to 10mm radii) and flow regimes have to the behaviour (stability) of laser

induced cavitation bubbles was determined.

• The output energy and spot size of the laser used here was affected by the laser pulse

repetition rate.

• The time between successive shots (repetition rate) was critical to laser energy delivery

if stagnant water was used. The effective laser energy transfer was highly dependent on

sufficient time to restore beam path conditions between shots, and (in general) dimin-

ished with an increase in repetition rate.

• Flowing water along the beam path improved both the stability as well as the magnitude

of the transferred energy, with a laser repetiton rate of up to 10Hz.

• For flowing conditions, the power intensity at which bubble lifetime begins to saturate

is around 6GW/cm2.

• Greatest bubble lifetime stability across all power intensities was achieved with fixed

repetition rate, constant tap water flow and uniform, flat target geometry.

• Cavitation bubbles offer a diagnostic potential that can operate within the limitations

of thick water layer LSP.
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10 | Recommendations

Much of the experimental shortfalls in this study could have been overcome with progressive

cycles of experimentation, data review, and then experimentation with a revised method. In

this study, due to a global pandemic limiting lab access, only one cycle of experimentation

was performed leaving no room for further improvements.

Further investigation is recommended into the use of water flow to stabilise the thick water

submerged LSP process. A quantitative flow rate investigation is required in order that the

lower and upper limits of water velocity to ensure adequate clearing at a given laser repetition

rate are found.

Further studies should be done to quantify the water requirements needed if the thick water

peening with cavitation is to occur outside a contained tank, that is in a stream of water

alone.

A comparative study between transducers should be made. This is to be carried out using the

same transducer used in this study (PCB 113B21) alongside a transducer that is suited to the

high pressure, short rise time requirements of cavitation measurements. One such suggestion

is as a needle hydrophone and a fast digital oscilloscope. Using the same shock events in a

single test tank, the output waveforms of either can be compared. In addition, rather than

being controlled with separate computers, the laser, high speed camera and data acquisition

systems should all be on a synchronised trigger with a known or specified delay. This would

greatly improve repeatability of the results and simplify the measurement procedure.

While not the focus of this work, the effect that collapsing cavitation bubbles has on the resid-

ual stress below the metal surface should be explored. As the cavitation collapse occurs over

a larger area than the initial laser spot (sometimes a cavitation cloud), there is a possibility

that this may either relax or increase the residual stress in the spot.
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A | Appendix

A.1 Data Acquisition Uncertainty Analysis

The details of the Design Stage uncertainty outlined in Section 6.3.1

.

are documented here.

Ud =
√

(U0)2 + (Uc)2 (A.1)

The typical accuracy values were chosen in Table A.1

.

.

Table A.1: Specification of data acquisition

Specification Value

DC gain accuracy ±0.32% calibrated

DC offset accuracy ±0.08% calibrated

Resolution 14 bits ⇒ 214, for 10V range: 10
214

V

Usual input range 7.5V for pressure, 0.6V for energy.

∆DAQ =
√

(U0)2 + (Uc)2

For the data acquisition device, with a 10V maximum input, the interpolation error (U0)v is

the resolution and the instrument error (Uc)v is the accuracy:

(U0)v =
10

214
= 0.000610352 V

(Uc)v1 =
√

(0.0032× 7.5)2 + (0.0008× 7.5)2 = 0.02473863375 V

The design stage uncertainty for the transducer channel (v1) of the data acquisition device is

(Ud)v1 =

√
((U0)v)

2 + ((Uc)v1)2

=
√

((0.000610352)2 + (0.02473863375)2 = 0.02474616192 V

Similarly with a 0.6V input (around 900mJ), the design stage uncertainty for the energy

meter channel (v2):

(Uc)v2 =
√

(0.0032× 0.6)2 + (0.0008× 0.6)2 = 0.0019790907 V

(Ud)v2 =

√
((U0)v)

2 + ((Uc)v2)2

= 0.002071069667 V
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Table A.2: Energy meter specifications

Specification Value

Analogue Output Voltage Accuracy ±1.0% of 0.6V

Listed Uncertainty ±1.0%

Resolution 0.1% of full scale

Full scale output 0.6V

A.1.1 Laser Energy Uncertainty

For the specified conditions in Table A.2

.

, the interpolation error (U0)Ed is the resolution over

this scale and the instrument error (Uc)Ed is the accuracy:

(U0)Ed = 0.1%× 0.6 V = 0.0006 V

(Uc)Ed = 1%× 0.6 V = 0.006 V

The design stage uncertainty for the energy meter display (Ed) is

(Ud)Ed =

√
((U0)Ed)

2 + ((Uc)Ed)
2

=
√

(0.0006)2 + (0.006)2 = 0.006029925373 V

Pyroelectric sensor:

Table A.3: Specification of pyroelectric sensor

Specification Value

Listed uncertainty ±2%

Linearity ±3%

Max Energy density assume 0.5 J/cm2

(U0)Es = 0

(Uc)Es =
√

(0.02× 0.5)2 + (0.03× 0.5)2 = 0.018028 J

The energy scale most used is 3 J. Converting to voltage using the relationship as defined by

Coherent Inc. in Equation 4.1

.

:

Vout = Elaser
Vscale
Escale

= 0.018028 J× 2 V

3 J

∴ (Uc)Es = 0.0120185 V
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As it is an analogue device, the resolution of the pyroelectric sensor is considered negligible.

∴ (U0)Es = 0

The design stage uncertainty for the energy meter sensor (Es) is

(Ud)Es =

√
((U0)Es)

2 + ((Uc)Es)
2

=
√

0 + (0.0120185)2 = 0.0120185 V

Complete meter uncertainty;

(Ud)E =
√

((Ud)Ed)2 + ((Ud)Es)2

=
√

(0.0120185)2 + (0.006029925373)2 = 0.01344635052 V

Because the energy meter voltage is measured with the DAQ, the uncertainty of the final laser

energy measurement is:

(Ud)LaserEnergy =
√

((Ud)E)2 + ((Ud)v2)2

=
√

(0.002071069667)2 + (0.01344635052)2

= 0.01360491352 V = 0.0204 J

A.1.2 Uncertainty of Pressure Transducer

Table A.4: Specification of pressure transducer

Specification Value

Linearity error 1% of full scale

Resolution 0.007 kPa or 0.0000252V

Full scale output 7.2V

Sesitivity (±15%) 3.6mV/kPa

(U0)tr = 25.2× 10−6 V

(Uc)tr = 0.01× 7.2 = 0.072 V

The design stage uncertainty for the transducer itself (tr) is

(Ud)tr =

√
((U0)tr)

2 + ((Uc)tr)
2

=
√

(25.2× 10−6)2 + (0.01× 7.2)2 = 0.072000004 V
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Because the pressure voltage is measured with the DAQ, the final uncertainty is:

(Ud)Pressure =
√

((Ud)tr)2 + ((Ud)v1)2 =
√

(0.072000004)2 + (0.02474616192)2

= 0.07613391561 V−−.. 3.6 mV/kPa = 21.148 kPa

A.1.3 Sequential Perturbation

When the equation describing a response is complicated or the inputs are difficult to verify

analytically, the perturbation technique is a useful method of determining uncertainty around

an operating point. In summary, it is sequentially changing or perturbing each of the con-

tributing variables by the magnitude of their individual uncertainties. All other variables are

constant at a reasonable set point. The effect of each perturbation on the larger equation is

then squared, summed and square root taken to produce an overall uncertainty. [78

.

].

Using reasonable input values for each of the independent variables x1, x2, . . . , the resultant

operating point R0 is found

R0 = f{x1, x2, . . . xL} (A.2)

Each of the independent variables are separately increased by their respective uncertainties

xi+uxi. The result R+
i is recalculated for each of these changes. If the variable is not altered,

it is kept at the original operating point value:

R+
1 = f{x1 + ux1, x2, . . . xL},

R+
2 = f{x1, x2 + ux2, . . . xL},

. . .

R+
L = f{x1, x2, . . . xL + uxL}

Similarly, the result R−i is recalculated for each independent variable reduced by their uncer-

tainty, xi − uxi.

The difference is then calculated:

δR+
i = R+

i −R0

δR−i = R−i −R0

An average magnitude is taken as the uncertainty contribution of each independent variable

δRi =
δR+

i − δR
−
i

2
≈ θiui
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The final uncertainty result is

uR =

[
L∑
i=1

(δRi)
2

] 1
2

A.1.4 Sequential Perturbation of Bubble Energy

A good candidate for sequential perturbation analysis is the uncertainty of the bubble energy

for a given bubble lifetime. To determine this uncertainty uR, Table A.6

.

documents the case

for a single operating point or bubble lifetime.

The terms in the bubble energy equation are each assessed for their contribution to the

perturbation uncertainty evaluation:

R0 =

(
P0day − Pvtemp

) 5
2(

1.43031(ρtemp)
1
2

)3 τ
3
b

The bubble time uncertainty τb is a function of three changes τbvelocity , τbpeak , τbmovement .

If the speed of the laser induced shock wave differs to the speed of the cavitation induced

shock wave, the true uncertainty of the bubble lifetime will need to include this difference and

its variability. If the two shocks differed by a factor of 2 (waves at Mach 0.5 and Mach 1), the

time delay between them over 20mm is uτbvelocity = 0.02/740.5− 0.02/(1481) = 13.504µs at

20◦C. The time difference between two shock waves over the distance to the laser site is three

orders of magnitude less than the bubble lifetimes studied here, but still contributes to the

overall uncertainty. It is understood that by the time the shock wave reached the transducer,

its shape may been disturbed as the waveform in Figure 7.5

.

indicated. The effect of this

disruption was not quantified however.

The peak detection uncertainty is governed by the transducer uncertainty as well as the

proximity of nearby points within that uncertainty range. Peak detection is evaluated in

Section 7.1.4

.

and was found to be uτbpeak = 1.20µs.

If the transducer were to move a full 20mm between the first and the second shock wave,

assuming a Mach 1 shock speed at 20◦C, the uncertainty of measuring the second shock wave

after the transducer movement is uτbmovement = 0.02
1481 = 13.504µs. In reality, from the high

speed images, the movement of the transducer is around 0.03mm, making this uncertainty

very conservative.
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A temperature change would affect uncertainties associated with density and vapour pressures

that make up the constant term in Equation 2.6

.

. These can be readily obtained from the

properties of water at the given temperatures. The conservative difference between 20◦C

and 30◦C results is a density change of uρtemp = (998.2067 − 995.6488) = 2.5579 kg/m3

[81

.

]. The same temperature difference results in a vapour pressure change of uPvtemp =

(4247− 2339.3) = 1907.7Pa [82

.

].

The pressure variation for the location of the lab was found [83

.

]. The standard deviation

over the course of test month is taken as the uncertainty of the atmospheric static pressure.

uP0day = 2.06 · 103 Pa.

Table A.5: Each individual uncertainty ui.

Term ui

τbvelocity 1.35 · 10−5 [s]

τbpeak 1.20 · 10−6 [s]

τbmovement 1.35 · 10−5 [s]

ρtemp 2.56 [kg/m3]

Pvtemp 1.91 · 10+3 [Pa]

P0day 2.06 · 10+3 [Pa]

With a 1.0ms bubble lifetime and independent variables fixed at the values xi (also found in

Table A.6

.

), this bubble’s energy from (Equation 2.6

.

) is:

R0 =

(
P0day − Pvtemp

) 5
2(

1.43031(ρtemp)
1
2

)3 τ
3
b

= 15.019× 10−3 ± uR J (A.3)

The rest of the steps are done colummn-wise in Table A.6

.

.

Table A.6: Example using the sequential perturbation technique to obtain the uncertainty

at a single operating point.

Operating Point: Bubble lifetime τb = 1ms =⇒ R0 = 15.019× 10−3 J

xi ui R+
i R−

i δR+
i δR−

i δRi (δRi)
2

τbvelocity
1.00 · 10−3 1.35 · 10−5 1.56 · 10−2 1.44 · 10−2 6.17 · 10−04 −6.00 · 10−4 6.09 · 10−4 3.70 · 10−7

τbpeak
1.00 · 10−3 1.20 · 10−6 1.51 · 10−2 1.50 · 10−2 5.41 · 10−05 −5.40 · 10−5 5.41 · 10−5 2.92 · 10−9

τbmovement
1.00 · 10−3 1.35 · 10−5 1.50 · 10−2 1.50 · 10−2 9.45 · 10−06 −9.44 · 10−6 9.45 · 10−6 8.92 · 10−11

ρtemp 9.98 · 102 2.56 1.50 · 10−2 1.51 · 10−2 −5.75 · 10−05 5.79 · 10−5 −5.77 · 10−5 3.33 · 10−9

Pvtemp 2.33 · 103 1.91 · 103 1.42 · 10−2 1.59 · 10−2 −8.32 · 10−04 8.60 · 10−4 −8.46 · 10−4 7.16 · 10−7

P0day
8.70 · 104 2.06 · 103 1.59 · 10−2 1.41 · 10−2 9.29 · 10−04 −8.95 · 10−4 9.12 · 10−4 8.32 · 10−7

∴ Uncertainty uR =
[∑L

i=1(δRi)
2
] 1
2 uR = 1.387× 10−3 J
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(a) Eb Uncertainty vs τb (b) Eb Uncertainty vs Eb

Figure A.1: This study produced bubble lifetimes not larger than 1.6ms.

(a) Eb Uncertainty vs τb (b) Eb Uncertainty vs Eb

Figure A.2: The behaviour of bubble energy uncertainty with tiny bubbles.

Thus, the energy of a 1ms bubble is

R0 = (15.019± 1.387)× 10−3 J

For varying operating points, the uncertainty changes. Figure A.1a

.

shows how the uncertainty

of bubble energy increases with larger bubbles, a linear relationship to the magnitude of bubble

energy in Figure A.1b

.

.

If the operating point is moved to much smaller bubbles the relationship between bubble

energy and bubble energy uncertainty becomes nonlinear, shown in Figure A.2b

.

. This is due

to the bubble lifetime approaching the same order of magnitude and having less of an effect

than the other terms (Pvtemp, ρtemp,...) within the bubble energy uncertainty in Equation

A.3

.

.
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A.2 Marlin Firmware Modifications

These minor modifications enabled the Creality CR20 Pro 3D printer to be used as a sample

articulation stage for the LSP experiments. The C++ and header files that were modified

within the “CR-20 Pro1.1.6BLTouchV3PowerLossContinueEnglishandChinese.rar” firmware

are:

Marlin/Configuration.h:

78 #define STRING_CONFIG_H_AUTHOR "(Wits)" // Who made the changes.

79 #define SHOW_BOOTSCREEN

80 #define STRING_SPLASH_LINE1 DETAILED_BUILD_VERSION // will be

81 // shown during bootup in line 1

584 //#define Z_MIN_PROBE_USES_Z_MIN_ENDSTOP_PIN //Wits commented

621 #define PROBE_MANUALLY // Wits uncommented

745 #define DISABLE_Y true //Wits changed to true

758 #define INVERT_X_DIR true //Wits reversed this because the

759 // x_axis motor was turned upsidedown.

790 #define X_BED_SIZE 148 //Wits X_axis size due to tank

799 #define Z_MAX_POS 60 //Wits new Z axis size due to tank

866 //#define AUTO_BED_LEVELING_BILINEAR //Wits commented

867 //#define AUTO_BED_LEVELING_UBL

868 #define MESH_BED_LEVELING //Wits uncommented

969 #define LCD_BED_LEVELING ///Wits uncommented

Marlin/language.h:

248 #define MSG_DETAILED_BUILD_VERSION "Wits LSP CNC"
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251 #define MSG_WEBSITE_URL "www.wits.ac.za"

Marlin/Marlin_main.cpp:

3914 //Wits commented:

3915 // if (!axis_known_position[X_AXIS] || !axis_known_position[Y_AXIS]) {

3916 //Wits replaced with removed Yaxis condition:

3917 if (!axis_known_position[X_AXIS]) {

9652 // if (WITHIN(diff, -20, 20)) { //Wits commented

9653 //Wits modified to carefully allow for greater Zaxis offset distances:

9654 if (WITHIN(diff, -100, 100)) {

Marlin/SanityCheck.h:

812 //Wits commented:

813 //#if ENABLED(DISABLE_X) || ENABLED(DISABLE_Y) || ENABLED(DISABLE_Z)

814 //Wits removed Yaxis dependent condition:

815 #if ENABLED(DISABLE_X) || ENABLED(DISABLE_Z)

Marlin/ultralcd.cpp:

2655 // Wits commented:

2656 // enqueue_and_echo_commands_P(PSTR("G92 X0 Y0 Z0")); // move all axis home

2657 enqueue_and_echo_commands_P(PSTR("G92 Y0")); // Zero Y axis home // Wits

2658 enqueue_and_echo_commands_P(PSTR("G28")); // move all axis homed

2686 // Auto Home

2687 // Wits rewritten to manually zero Yaxis if required

2688 // MENU_ITEM(gcode, msg_auto_home(), PSTR("G28")); //Wits commented

2689 MENU_ITEM(function, msg_auto_home(), lcd_autohome);

2690 #if ENABLED(INDIVIDUAL_AXIS_HOMING_MENU)

2691 MENU_ITEM(gcode, msg_auto_home_x(), PSTR("G28 X"));

2692 MENU_ITEM(gcode, msg_zero_y(), PSTR("G92 Y0")); //Wits modified

2693 MENU_ITEM(gcode, msg_auto_home_z(), PSTR("G28 Z"));
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A.3 GCODE Run on the 3D Printer

Below is an example of the GCODE that was run to move the stage back and forth during

the curvature tests. For longer tests the GCODE moved in a raster pattern seen in Figure

A.3

.

. Another example of GCODE is found attached .

1 G21 ; Set units to mm

2 ;G90 ; Absolute positioning

3 G28 X0 Z0 ;Home

4 G92 X0 Z0 ;specify that the nozzles current XYZ position is 0, 0, 0

5 ;Put printing message on LCD screen

6 M117 Rastering...

7 M106 S255 ;fan on

8 G1 Z13.4 F300

9 G1 X-6+ F300

10 G92 X0 Z0 ;specify that the nozzles current XYZ position is 0, 0, 0

11 ;Extrude to rotate round

12 ;G1 F200 E3000

13 G1 X8.5 F300; ----

14 G1 Z0.000 F0; |

15 G1 X11.5 F30; |---- These steps are repeated as long as needed

16 G1 X8.5 F30; |

17 G1 X11.5 F30; ----

18 M107 S255 ;fan off

19 G1 X0 Z0 F720

Scan Step

Figure A.3: GCODE raster scanning pattern.
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G21 ; Set units to mm
;G90 ; Absolute positioning
G28 X0 Z0 ;Home
G92 X0 Z0 ;specify that the nozzles current XYZ position is 0, 0, 0
;Put printing message on LCD screen
M117 Rastering...
M106 S255 ;fan on
G1 X-44 F3000
G92 X0 Z0 ;specify that the nozzles current XYZ position is 0, 0, 0
G1 X0 F30
G1 Z0.000 F30
G1 X0 F30
G1 Z0.300 F30
G1 X0 F30
G1 Z0.600 F30
G1 X0 F30
G1 Z0.900 F30
G1 X0 F30
G1 Z1.200 F30
G1 X0 F30
G1 Z1.500 F30
G1 X0 F30
G1 Z1.800 F30
G1 X0 F30
G1 Z2.100 F30
G1 X0 F30
G1 Z2.400 F30
G1 X0 F30
G1 Z2.700 F30
G1 X0 F30
G1 Z3.000 F30
G1 X0 F30
G1 Z3.300 F30
G1 X0 F30
G1 Z3.600 F30
G1 X0 F30
G1 Z3.900 F30
G1 X0 F30
G1 Z4.200 F30
G1 X0 F30
G1 Z4.500 F30
G1 X0 F30
G1 Z4.800 F30
G1 X0 F30
G1 Z5.100 F30
G1 X0 F30
G1 Z5.400 F30
G1 X0 F30
G1 Z5.700 F30
G1 X0 F30
G1 Z6.000 F30
G1 X0 F30
G1 Z6.300 F30
G1 X0 F30
G1 Z6.600 F30
G1 X0 F30
G1 Z6.900 F30
G1 X0 F30
G1 Z7.200 F30
G1 X0 F30
G1 Z7.500 F30
G1 X0 F30
G1 Z7.800 F30
G1 X0 F30
G1 Z8.100 F30
G1 X0 F30
G1 Z8.400 F30
G1 X0 F30
G1 Z8.700 F30
G1 X0 F30
G1 Z9.000 F30
G1 X0 F30
G1 Z9.300 F30
G1 X0 F30
G1 Z9.600 F30
G1 X0 F30
G1 Z9.900 F30
G1 X0 F30
G1 Z10.200 F30
G1 X0 F30
G1 Z10.500 F30
G1 X0 F30
G1 Z10.800 F30
G1 X0 F30
G1 Z11.100 F30
G1 X0 F30
G1 Z11.400 F30
G1 X0 F30
G1 Z11.700 F30
G1 X0 F30
G1 Z12.000 F30
G1 X0 F30
G1 Z12.300 F30
G1 X0 F30
G1 Z12.600 F30
G1 X0 F30
G1 Z12.900 F30
G1 X0 F30
G1 Z13.200 F30
G1 X0 F30
G1 Z13.500 F30
G1 X0 F30
G1 Z13.800 F30
G1 X0 F30
G1 Z14.100 F30
G1 X0 F30
G1 Z14.400 F30
G1 X0 F30
G1 Z14.700 F30
G1 X0 F30
G1 Z15.000 F30
G1 X0 F30
G1 Z15.300 F30
G1 X0 F30
G1 Z15.600 F30
G1 X0 F30
G1 Z15.900 F30
G1 X0 F30
G1 Z16.200 F30
G1 X0 F30
G1 Z16.500 F30
G1 X0 F30
G1 Z16.800 F30
G1 X0 F30
G1 Z17.100 F30
G1 X0 F30
G1 Z17.400 F30
G1 X0 F30
G1 Z17.700 F30
G1 X0 F30
G1 Z18.000 F30
G1 X0 F30
G1 Z18.300 F30
G1 X0 F30
G1 Z18.600 F30
G1 X0 F30
G1 Z18.900 F30
G1 X0 F30
G1 Z19.200 F30
G1 X0 F30
G1 Z19.500 F30
G1 X0 F30
G1 Z19.800 F30
G1 X0 F30
G1 Z20.100 F30
G1 X0 F30
G1 Z20.400 F30
G1 X0 F30
G1 Z20.700 F30
G1 X0 F30
G1 Z21.000 F30
G1 X0 F30
G1 Z21.300 F30
G1 X0 F30
G1 Z21.600 F30
G1 X0 F30
G1 Z21.900 F30
G1 X0 F30
G1 Z22.200 F30
G1 X0 F30
G1 Z22.500 F30
G1 X0 F30
G1 Z22.800 F30
G1 X0 F30
G1 Z23.100 F30
G1 X0 F30
G1 Z23.400 F30
G1 X0 F30
G1 Z23.700 F30
G1 X0 F30
G1 Z24.000 F30
G1 X0 F30
G1 Z24.300 F30
G1 X0 F30
G1 Z24.600 F30
G1 X0 F30
G1 Z24.900 F30
G1 X0 F30
G1 Z25.200 F30
G1 X0 F30
G1 Z25.500 F30
G1 X0 F30
G1 Z25.800 F30
G1 X0 F30
G1 Z26.100 F30
G1 X0 F30
G1 Z26.400 F30
G1 X0 F30
G1 Z26.700 F30
G1 X0 F30
G1 Z27.000 F30
G1 X0 F30
G1 Z27.300 F30
G1 X0 F30
G1 Z27.600 F30
G1 X0 F30
G1 Z27.900 F30
G1 X0 F30
G1 Z28.200 F30
G1 X0 F30
G1 Z28.500 F30
G1 X0 F30
G1 Z28.800 F30
G1 X0 F30
G1 Z29.100 F30
G1 X0 F30
G1 Z29.400 F30
G1 X0 F30
G1 Z29.700 F30
G1 X0 F30
G1 Z30.000 F30
G1 X0 F30
G1 Z30.300 F30
G1 X0 F30
G1 Z30.600 F30
G1 X0 F30
G1 Z30.900 F30
G1 X0 F30
G1 Z31.200 F30
G1 X0 F30
G1 Z31.500 F30
G1 X0 F30
G1 Z31.800 F30
G1 X0 F30
G1 Z32.100 F30
G1 X0 F30
G1 Z32.400 F30
G1 X0 F30
G1 Z32.700 F30
G1 X0 F30
G1 Z33.000 F30
G1 X0 F30
G1 Z33.300 F30
G1 X0 F30
G1 Z33.600 F30
G1 X0 F30
G1 Z33.900 F30
G1 X0 F30
G1 Z34.200 F30
G1 X0 F30
G1 Z34.500 F30
G1 X0 F30
G1 Z34.800 F30
G1 X0 F30
G1 Z35.100 F30
G1 X0 F30
G1 Z35.400 F30
G1 X0 F30
G1 Z35.700 F30
G1 X0 F30
G1 Z36.000 F30
G1 X0 F30
G1 Z36.300 F30
G1 X0 F30
G1 Z36.600 F30
G1 X0 F30
G1 Z36.900 F30
G1 X0 F30
G1 Z37.200 F30
G1 X0 F30
G1 Z37.500 F30
G1 X0 F30
G1 Z37.800 F30
G1 X0 F30
G1 Z38.100 F30
G1 X0 F30
G1 Z38.400 F30
G1 X0 F30
G1 Z38.700 F30
G1 X0 F30
G1 Z39.000 F30
G1 X0 F30
G1 Z39.300 F30
G1 X0 F30
G1 Z39.600 F30
G1 X0 F30
G1 Z39.900 F30
G1 X0 F30
G1 Z40.200 F30
G1 X0 F30
G1 Z40.500 F30
G1 X0 F30
G1 Z40.800 F30
G1 X0 F30
G1 Z41.100 F30
G1 X0 F30
G1 Z41.400 F30
G1 X0 F30
G1 Z41.700 F30
G1 X0 F30
G1 Z42.000 F30
G1 X0 F30
G1 Z42.300 F30
G1 X0 F30
G1 Z42.600 F30
G1 X0 F30
G1 Z42.900 F30
G1 X0 F30
G1 Z43.200 F30
G1 X0 F30
G1 Z43.500 F30
G1 X0 F30
G1 Z43.800 F30
G1 X0 F30
G1 Z44.100 F30
G1 X0 F30
G1 Z44.400 F30
G1 X0 F30
G1 Z44.700 F30
G1 X0 F30
G1 Z45.000 F30
G1 X0 F30
G1 Z45.300 F30
G1 X0 F30
G1 Z45.600 F30
G1 X0 F30
G1 Z45.900 F30
G1 X0 F30
G1 Z46.200 F30
G1 X0 F30
G1 Z46.500 F30
G1 X0 F30
G1 Z46.800 F30
G1 X0 F30
G1 Z47.100 F30
G1 X0 F30
G1 Z47.400 F30
G1 X0 F30
G1 Z47.700 F30
G1 X0 F30
G1 Z48.000 F30
G1 X0 F30
G1 Z48.300 F30
G1 X0 F30
G1 Z48.600 F30
G1 X0 F30
G1 Z48.900 F30
G1 X0 F30
G1 Z49.200 F30
G1 X0 F30
G1 Z49.500 F30
G1 X0 F30
G1 Z49.800 F30
G1 X0 F30
G1 Z50.100 F30
G1 X0 F30
G1 Z50.400 F30
G1 X0 F30
G1 Z50.700 F30
G1 X0 F30
G1 Z51.000 F30
G1 X0 F30
G1 Z51.300 F30
G1 X0 F30
G1 Z51.600 F30
G1 X0 F30
G1 Z51.900 F30
G1 X0 F30
G1 Z52.200 F30
G1 X0 F30
G1 Z52.500 F30
G1 X0 F30
G1 Z52.800 F30
G1 X0 F30
G1 Z53.100 F30
G1 X0 F30
G1 Z53.400 F30
G1 X0 F30
G1 Z53.700 F30
G1 X0 F30
G1 Z54.000 F30
G1 X0 F30
G1 Z54.300 F30
G1 X0 F30
G1 Z54.600 F30
G1 X0 F30
G1 Z54.900 F30
G1 X0 F30
G1 Z55.200 F30
G1 X0 F30
G1 Z55.500 F30
G1 X0 F30
G1 Z55.800 F30
G1 X0 F30
G1 Z56.100 F30
G1 X0 F30
G1 Z56.400 F30
G1 X0 F30
G1 Z56.700 F30
G1 X0 F30
G1 Z57.000 F30
G1 X0 F30
G1 Z57.300 F30
G1 X0 F30
G1 Z57.600 F30
G1 X0 F30
G1 Z57.900 F30
G1 X0 F30
G1 Z58.200 F30
G1 X0 F30
G1 Z58.500 F30
G1 X0 F30
G1 Z58.800 F30
G1 X0 F30
G1 Z59.100 F30
G1 X0 F30
G1 Z59.400 F30
G1 X0 F30
G1 Z59.700 F30
G1 X0 F30
M107 S255 ;fan off
G1 X0 Z0 F720





A.4 Matlab Scripts

The findpeaks built-in function which enabled reliable peak detection is attached .

In addition, attached are the matlab scripts written to aid this study:
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function [Ypk,Xpk,Wpk,Ppk] = findpeaks(Yin,varargin)
%FINDPEAKS Find local peaks in data
%   PKS = FINDPEAKS(Y) finds local peaks in the data vector Y. A local peak
%   is defined as a data sample which is either larger than the two
%   neighboring samples or is equal to Inf.
%
%   [PKS,LOCS]= FINDPEAKS(Y) also returns the indices LOCS at which the
%   peaks occur.
%
%   [PKS,LOCS] = FINDPEAKS(Y,X) specifies X as the location vector of data
%   vector Y. X must be a strictly increasing vector of the same length as
%   Y. LOCS returns the corresponding value of X for each peak detected.
%   If X is omitted, then X will correspond to the indices of Y.
%
%   [PKS,LOCS] = FINDPEAKS(Y,Fs) specifies the sample rate, Fs, as a
%   positive scalar, where the first sample instant of Y corresponds to a
%   time of zero.
%
%   [...] = FINDPEAKS(...,'MinPeakHeight',MPH) finds only those peaks that
%   are greater than the minimum peak height, MPH. MPH is a real-valued
%   scalar. The default value of MPH is -Inf.
%
%   [...] = FINDPEAKS(...,'MinPeakProminence',MPP) finds peaks guaranteed
%   to have a vertical drop of more than MPP from the peak on both sides
%   without encountering either the end of the signal or a larger
%   intervening peak. The default value of MPP is zero.
%
%   [...] = FINDPEAKS(...,'Threshold',TH) finds peaks that are at least
%   greater than both adjacent samples by the threshold, TH. TH is a
%   real-valued scalar greater than or equal to zero. The default value of
%   TH is zero.
%
%   FINDPEAKS(...,'WidthReference',WR) estimates the width of the peak as
%   the distance between the points where the signal intercepts a
%   horizontal reference line. The points are found by linear
%   interpolation. The height of the line is selected using the criterion
%   specified in WR:
% 
%    'halfprom' - the reference line is positioned beneath the peak at a
%       vertical distance equal to half the peak prominence.
% 
%    'halfheight' - the reference line is positioned at one-half the peak 
%       height. The line is truncated if any of its intercept points lie
%       beyond the borders of the peaks selected by the 'MinPeakHeight',
%       'MinPeakProminence' and 'Threshold' parameters. The border between
%       peaks is defined by the horizontal position of the lowest valley
%       between them. Peaks with heights less than zero are discarded.
% 
%    The default value of WR is 'halfprom'.
%
%   [...] = FINDPEAKS(...,'MinPeakWidth',MINW) finds peaks whose width is
%   at least MINW. The default value of MINW is zero.
%
%   [...] = FINDPEAKS(...,'MaxPeakWidth',MAXW) finds peaks whose width is
%   at most MAXW. The default value of MAXW is Inf.
%
%   [...] = FINDPEAKS(...,'MinPeakDistance',MPD) finds peaks separated by
%   more than the minimum peak distance, MPD. This parameter may be
%   specified to ignore smaller peaks that may occur in close proximity to
%   a large local peak. For example, if a large local peak occurs at LOC,
%   then all smaller peaks in the range [N-MPD, N+MPD] are ignored. If not
%   specified, MPD is assigned a value of zero.  
%
%   [...] = FINDPEAKS(...,'SortStr',DIR) specifies the direction of sorting
%   of peaks. DIR can take values of 'ascend', 'descend' or 'none'. If not
%   specified, DIR takes the value of 'none' and the peaks are returned in
%   the order of their occurrence.
%
%   [...] = FINDPEAKS(...,'NPeaks',NP) specifies the maximum number of peaks
%   to be found. NP is an integer greater than zero. If not specified, all
%   peaks are returned. Use this parameter in conjunction with setting the
%   sort direction to 'descend' to return the NP largest peaks. (see
%   'SortStr')
%
%   [PKS,LOCS,W] = FINDPEAKS(...) returns the width, W, of each peak by
%   linear interpolation of the left- and right- intercept points to the
%   reference defined by 'WidthReference'.
%
%   [PKS,LOCS,W,P] = FINDPEAKS(...) returns the prominence, P, of each
%   peak.
%
%   FINDPEAKS(...) without output arguments plots the signal and the peak
%   values it finds
%
%   FINDPEAKS(...,'Annotate',PLOTSTYLE) will annotate a plot of the
%   signal with PLOTSTYLE. If PLOTSTYLE is 'peaks' the peaks will be
%   plotted. If PLOTSTYLE is 'extents' the signal, peak values, widths,
%   prominences of each peak will be annotated. 'Annotate' will be ignored
%   if called with output arguments. The default value of PLOTSTYLE is
%   'peaks'.
%
%   % Example 1:
%   %   Plot the Zurich numbers of sunspot activity from years 1700-1987
%   %   and identify all local maxima at least six years apart
%   load sunspot.dat
%   findpeaks(sunspot(:,2),sunspot(:,1),'MinPeakDistance',6)
%   xlabel('Year');
%   ylabel('Zurich number');
%
%   % Example 2: 
%   %   Plot peak values of an audio signal that drop at least 1V on either
%   %   side without encountering values larger than the peak.
%   load mtlb
%   findpeaks(mtlb,Fs,'MinPeakProminence',1)
%
%   % Example 3:
%   %   Plot all peaks of a chirp signal whose widths are between .5 and 1 
%   %   milliseconds.
%   Fs = 44.1e3; N = 1000;
%   x = sin(2*pi*(1:N)/N + (10*(1:N)/N).^2);
%   findpeaks(x,Fs,'MinPeakWidth',.5e-3,'MaxPeakWidth',1e-3, ...
%             'Annotate','extents')
%
%   See also MAX, FINDSIGNAL, FINDCHANGEPTS.

%   Copyright 2007-2016 The MathWorks, Inc.

%#ok<*EMCLS>
%#ok<*EMCA>
%#codegen

narginchk(1,22);
isInMATLAB = coder.target('MATLAB');

if nargout == 0 && ~isInMATLAB
    % Plotting is not supported for code generation. If this is running in
    % MATLAB, just call MATLAB's FINDPEAKS, else error.
    coder.internal.assert(coder.target('MEX') || coder.target('Sfun'), ...
        'signal:codegeneration:PlottingNotSupported');
    feval('findpeaks',Yin,varargin{:});
    return
end

% extract the parameters from the input argument list
[y,yIsRow,x,xIsRow,minH,minP,minW,maxW,minD,minT,maxN,sortDir,annotate,refW] ...
  = parse_inputs(isInMATLAB,Yin,varargin{:});

% indicate if we need to compute the extent of a peak
needWidth = minW>0 || maxW<inf || minP>0 || nargout>2 || strcmp(annotate,'extents');

if isInMATLAB
    % find indices of all finite and infinite peaks and the inflection points
    [iFinite,iInfinite,iInflect] = getAllPeaks(y);
    
    % keep only the indices of finite peaks that meet the required
    % minimum height and threshold
    iPk = removePeaksBelowMinPeakHeight(y,iFinite,minH,refW);
    iPk = removePeaksBelowThreshold(y,iPk,minT);
else
    % Use equivalent one-pass code generation algorithms
    [iFinite,iInfinite,iInflect] = getAllPeaksCodegen(y);
    iPk = removeSmallPeaks(y,iFinite,minH,minT);
end

if needWidth
  % obtain the indices of each peak (iPk), the prominence base (bPk), and
  % the x- and y- coordinates of the peak base (bxPk, byPk) and the width
  % (wxPk)
  [iPk,bPk,bxPk,byPk,wxPk] = findExtents(y,x,iPk,iFinite,iInfinite,iInflect,minP,minW,maxW,refW);
else
  % combine finite and infinite peaks into one list
  [iPk,bPk,bxPk,byPk,wxPk] = combinePeaks(iPk,iInfinite);
end

% find the indices of the largest peaks within the specified distance
idx = findPeaksSeparatedByMoreThanMinPeakDistance(y,x,iPk,minD);

% re-order and bound the number of peaks based upon the index vector
idx = orderPeaks(y,iPk,idx,sortDir);
idx = keepAtMostNpPeaks(idx,maxN);

% use the index vector to fetch the correct peaks.
iPk = iPk(idx);
if needWidth
  [bPk, bxPk, byPk, wxPk] = fetchPeakExtents(idx,bPk,bxPk,byPk,wxPk);
end

if nargout > 0
  % assign output variables
  if needWidth
    [Ypk,Xpk,Wpk,Ppk] = assignFullOutputs(y,x,iPk,wxPk,bPk,yIsRow,xIsRow);
  else
    [Ypk,Xpk] = assignOutputs(y,x,iPk,yIsRow,xIsRow);
  end    
else
  % no output arguments specified. plot and optionally annotate
  hAxes = plotSignalWithPeaks(x,y,iPk);
  if strcmp(annotate,'extents')
    plotExtents(hAxes,x,y,iPk,bPk,bxPk,byPk,wxPk,refW);
  end
  
  scalePlot(hAxes);
end

%--------------------------------------------------------------------------
function [y,yIsRow,x,xIsRow,Ph,Pp,Wmin,Wmax,Pd,Th,NpOut,Str,Ann,Ref] = parse_inputs(isInMATLAB,Yin,varargin)

% Validate input signal
validateattributes(Yin,{'double','single'},{'nonempty','real','vector'},...
    'findpeaks','Y');
y = Yin(:);
M = length(y);

if isInMATLAB
    if M < 3
        error(message('signal:findpeaks:emptyDataSet'));
    end
    yIsRow = isrow(Yin);
else
    coder.internal.assert(M >= 3,'signal:findpeaks:emptyDataSet');
    % To return row vectors we require Yin to be a row vector *type*, i.e.
    % length(size(y)) == 2, size(y,1) is constant 1, and size(y,2) ==
    % length(y). Otherwise, the output allocation might be O(n^2) instead
    % of O(n).
    yIsRow = coder.internal.isConst(isrow(Yin)) && isrow(Yin);
end

% indicate if the user specified an Fs or X
hasX = ~isempty(varargin) && (isnumeric(varargin{1}) || ...
  isInMATLAB && isdatetime(varargin{1}) && length(varargin{1})>1);

if hasX
  startArg = 2;
  if isInMATLAB
      FsSupplied = isscalar(varargin{1});
  else
      FsSupplied = coder.internal.isConst(isscalar(varargin{1})) && isscalar(varargin{1});
  end
  if FsSupplied
    % Fs
    Fs = varargin{1};
    validateattributes(Fs,{'double'},{'real','finite','positive'},'findpeaks','Fs');
    x = (0:M-1).'/Fs;
    xIsRow = yIsRow;
  else
    % X
    Xin = varargin{1};
    
    if isnumeric(Xin)
      validateattributes(Xin,{'double','single'},{'real','finite','vector','increasing'},'findpeaks','X');
    else % isdatetime(Xin)
      validateattributes(seconds(Xin-Xin(1)),{'double'},{'real','finite','vector','increasing'},'findpeaks','X');      
    end
    
    if isInMATLAB
        if length(Xin) ~= M
            throwAsCaller(MException(message('signal:findpeaks:mismatchYX')));
        end
        xIsRow = isrow(Xin);
    else
        coder.internal.assert(length(Xin) == M, ...
            'signal:findpeaks:mismatchYX');
        xIsRow = coder.internal.isConst(isrow(Xin)) && isrow(Xin);
    end
    x = Xin(:);
  end
else
  startArg = 1;
  % unspecified, use index vector
  x = (1:M).';
  xIsRow = yIsRow;
end

%#function dspopts.findpeaks
defaultMinPeakHeight = -inf;
defaultMinPeakProminence = 0;
defaultMinPeakWidth = 0;
defaultMaxPeakWidth = Inf;
defaultMinPeakDistance = 0;
defaultThreshold = 0;
defaultNPeaks = [];
defaultSortStr = 'none';
defaultAnnotate = 'peaks';
defaultWidthReference = 'halfprom';

if isInMATLAB
    p = inputParser;
    addParameter(p,'MinPeakHeight',defaultMinPeakHeight);
    addParameter(p,'MinPeakProminence',defaultMinPeakProminence);
    addParameter(p,'MinPeakWidth',defaultMinPeakWidth);
    addParameter(p,'MaxPeakWidth',defaultMaxPeakWidth);
    addParameter(p,'MinPeakDistance',defaultMinPeakDistance);
    addParameter(p,'Threshold',defaultThreshold);
    addParameter(p,'NPeaks',defaultNPeaks);
    addParameter(p,'SortStr',defaultSortStr);
    addParameter(p,'Annotate',defaultAnnotate);
    addParameter(p,'WidthReference',defaultWidthReference);
    parse(p,varargin{startArg:end});
    Ph = p.Results.MinPeakHeight;
    Pp = p.Results.MinPeakProminence;
    Wmin = p.Results.MinPeakWidth;
    Wmax = p.Results.MaxPeakWidth;
    Pd = p.Results.MinPeakDistance;
    Th = p.Results.Threshold;
    Np = p.Results.NPeaks;
    Str = p.Results.SortStr;
    Ann = p.Results.Annotate;
    Ref = p.Results.WidthReference;
else
    parms = struct('MinPeakHeight',uint32(0), ...
                'MinPeakProminence',uint32(0), ...
                'MinPeakWidth',uint32(0), ...
                'MaxPeakWidth',uint32(0), ...
                'MinPeakDistance',uint32(0), ...
                'Threshold',uint32(0), ...
                'NPeaks',uint32(0), ...
                'SortStr',uint32(0), ...
                'Annotate',uint32(0), ...
                'WidthReference',uint32(0));
    pstruct = eml_parse_parameter_inputs(parms,[],varargin{startArg:end});
    Ph = eml_get_parameter_value(pstruct.MinPeakHeight,defaultMinPeakHeight,varargin{startArg:end});
    Pp = eml_get_parameter_value(pstruct.MinPeakProminence,defaultMinPeakProminence,varargin{startArg:end});
    Wmin = eml_get_parameter_value(pstruct.MinPeakWidth,defaultMinPeakWidth,varargin{startArg:end});
    Wmax = eml_get_parameter_value(pstruct.MaxPeakWidth,defaultMaxPeakWidth,varargin{startArg:end});
    Pd = eml_get_parameter_value(pstruct.MinPeakDistance,defaultMinPeakDistance,varargin{startArg:end});
    Th = eml_get_parameter_value(pstruct.Threshold,defaultThreshold,varargin{startArg:end});
    Np = eml_get_parameter_value(pstruct.NPeaks,defaultNPeaks,varargin{startArg:end});
    Str = eml_get_parameter_value(pstruct.SortStr,defaultSortStr,varargin{startArg:end});
    Ann = eml_get_parameter_value(pstruct.Annotate,defaultAnnotate,varargin{startArg:end});
    Ref = eml_get_parameter_value(pstruct.WidthReference,defaultWidthReference,varargin{startArg:end});
end

% limit the number of peaks to the number of input samples
if isempty(Np)
    NpOut = M;
else
    NpOut = Np;
end

% ignore peaks below zero when using halfheight width reference
if strcmp(Ref,'halfheight')
  Ph = max(Ph,0);
end

validateattributes(Ph,{'numeric'},{'real','scalar','nonempty'},'findpeaks','MinPeakHeight');
if isnumeric(x)
  validateattributes(Pd,{'numeric'},{'real','scalar','nonempty','nonnegative','<',x(M)-x(1)},'findpeaks','MinPeakDistance');
else
  if isInMATLAB && isduration(Pd)
    validateattributes(seconds(Pd),{'numeric'},{'real','scalar','nonempty','nonnegative'},'findpeaks','MinPeakDistance');
  else 
    validateattributes(Pd,{'numeric'},{'real','scalar','nonempty','nonnegative'},'findpeaks','MinPeakDistance');
  end    
end
validateattributes(Pp,{'numeric'},{'real','scalar','nonempty','nonnegative'},'findpeaks','MinPeakProminence');
if isInMATLAB && isduration(Wmin)
  validateattributes(seconds(Wmin),{'numeric'},{'real','scalar','finite','nonempty','nonnegative'},'findpeaks','MinPeakWidth');
else
  validateattributes(Wmin,{'numeric'},{'real','scalar','finite','nonempty','nonnegative'},'findpeaks','MinPeakWidth');
end
if isInMATLAB && isduration(Wmax)
  validateattributes(seconds(Wmax),{'numeric'},{'real','scalar','nonnan','nonempty','nonnegative'},'findpeaks','MaxPeakWidth');
else
  validateattributes(Wmax,{'numeric'},{'real','scalar','nonnan','nonempty','nonnegative'},'findpeaks','MaxPeakWidth');
end
if isInMATLAB && isduration(Pd)
  validateattributes(seconds(Pd),{'numeric'},{'real','scalar','nonempty','nonnegative'},'findpeaks','MinPeakDistance');
else
  validateattributes(Pd,{'numeric'},{'real','scalar','nonempty','nonnegative'},'findpeaks','MinPeakDistance');
end  
validateattributes(Th,{'numeric'},{'real','scalar','nonempty','nonnegative'},'findpeaks','Threshold');
validateattributes(NpOut,{'numeric'},{'real','scalar','nonempty','integer','positive'},'findpeaks','NPeaks');
Str = validatestring(Str,{'ascend','none','descend'},'findpeaks','SortStr');
Ann = validatestring(Ann,{'peaks','extents'},'findpeaks','SortStr');
Ref = validatestring(Ref,{'halfprom','halfheight'},'findpeaks','WidthReference');

%--------------------------------------------------------------------------
function [iPk,iInf,iInflect] = getAllPeaks(y)
% fetch indices all infinite peaks
iInf = find(isinf(y) & y>0);

% temporarily remove all +Inf values
yTemp = y;
yTemp(iInf) = NaN;

% determine the peaks and inflection points of the signal
[iPk,iInflect] = findLocalMaxima(yTemp);


%--------------------------------------------------------------------------
function [iPk, iInflect] = findLocalMaxima(yTemp)
% bookend Y by NaN and make index vector
yTemp = [NaN; yTemp; NaN];
iTemp = (1:length(yTemp)).';

% keep only the first of any adjacent pairs of equal values (including NaN).
yFinite = ~isnan(yTemp);
iNeq = [1; 1 + find((yTemp(1:end-1) ~= yTemp(2:end)) & ...
                    (yFinite(1:end-1) | yFinite(2:end)))];
iTemp = iTemp(iNeq);

% take the sign of the first sample derivative
s = sign(diff(yTemp(iTemp)));

% find local maxima
iMax = 1 + find(diff(s)<0);

% find all transitions from rising to falling or to NaN
iAny = 1 + find(s(1:end-1)~=s(2:end));

% index into the original index vector without the NaN bookend.
iInflect = iTemp(iAny)-1;
iPk = iTemp(iMax)-1;


%--------------------------------------------------------------------------
function [iPk,iInf,iInflect] = getAllPeaksCodegen(y)
% One-pass code generation version of getAllPeaks
coder.varsize('iPk');
coder.varsize('iInf');
coder.varsize('iInflect');
% Define constants.
ZERO = coder.internal.indexInt(0);
ONE = coder.internal.indexInt(1);
DECREASING = 'd';
INCREASING = 'i';
NEITHER = 'n';
NonFiniteSupport = eml_option('NonFinitesSupport');
% Allocate output arrays.
iPk = coder.nullcopy(zeros(size(y),'like',ONE));
iInf = coder.nullcopy(zeros(size(y),'like',ONE));
iInflect = coder.nullcopy(zeros(size(y),'like',ONE));
ny = coder.internal.indexInt(length(y));
% Counter variables to store the number of elements in each array that are
% in use.
nPk = ZERO;
nInf = ZERO;
nInflect = ZERO;
% Initial direction.
dir = NEITHER;
if NonFiniteSupport || ny == 0
    % This is the typical start. With kfirst = 0 and ykfirst = +Inf, the
    % first value is an artificial +Inf. Unless the signal begins with
    % +Infs and/or NaNs, we'll pick up the first non-NaN, non-Inf value in
    % the first iteration, replace ykfirst with it, and proceed from there.
    kfirst = ZERO; % index of first element of a series of equal values
    ykfirst = coder.internal.inf('like',y); % first element of a series of equal values
    isinfykfirst = true;
else
    % With no non-finite support, we know the first element of the signal
    % is finite, so we can start with it.
    kfirst = ONE; % index of first element of a series of equal values
    ykfirst = y(1); % first element of a series of equal values
    isinfykfirst = false;
end
for k = kfirst + 1:ny
    yk = y(k);
    if isnan(yk)
        % yk is NaN. Convert it to +Inf.
        yk = coder.internal.inf('like',yk);
        isinfyk = true;
    elseif isinf(yk) && yk > 0
        % yk is +Inf. Record its position in the iInf array.
        isinfyk = true;
        nInf = nInf + 1;
        iInf(nInf) = k;
    else
        isinfyk = false;
    end
    if yk ~= ykfirst
        previousdir = dir;
        if NonFiniteSupport && (isinfyk || isinfykfirst)
            dir = NEITHER;
            % kfirst == 0 implies that ykfirst was just the artificial
            % starting value. We don't want to add the artificial value to
            % the array of inflection points, so we only append if kfirst
            % is at least 1.
            if kfirst >= 1
                nInflect = nInflect + 1;
                iInflect(nInflect) = kfirst;
            end
        elseif yk < ykfirst
            dir = DECREASING;
            if dir ~= previousdir
                % Previously the direction was not decreasing and now it
                % is. At least record an inflection point.                
                nInflect = nInflect + 1;
                iInflect(nInflect) = kfirst;
                if previousdir == INCREASING
                    % Since the direction was previously increasing and now
                    % is decreasing, y(kfirst) is a peak.
                    nPk = nPk + 1;
                    iPk(nPk) = kfirst;
                end
            end
        else % if yk > ykfirst
            dir = INCREASING;
            if dir ~= previousdir
                % Direction was previously not increasing. Record the
                % inflection point y(kfirst).
                nInflect = nInflect + 1;
                iInflect(nInflect) = kfirst;
            end
        end
        % yk becomes the new ykfirst.
        ykfirst = yk;
        kfirst = k;
        isinfykfirst = isinfyk;
    end
end
% Add last point as inflection point if it is finite and not already there.
if ny > 0 && ~isinfykfirst && (nInflect == 0 || iInflect(nInflect) < ny)
    nInflect = nInflect + 1;
    iInflect(nInflect) = ny;
end
% Shorten the variable-size arrays down to the number of elements in use.
iPk = iPk(1:nPk);
iInf = iInf(1:nInf);
iInflect = iInflect(1:nInflect);

%--------------------------------------------------------------------------
function iPk = removePeaksBelowMinPeakHeight(Y,iPk,Ph,widthRef)
if ~isempty(iPk) 
  iPk = iPk(Y(iPk) > Ph);
  if isempty(iPk) && ~strcmp(widthRef,'halfheight')
    warning(message('signal:findpeaks:largeMinPeakHeight', 'MinPeakHeight', 'MinPeakHeight'));
  end
end
    
%--------------------------------------------------------------------------
function iPk = removePeaksBelowThreshold(Y,iPk,Th)
base = max(Y(iPk-1),Y(iPk+1));
iPk = iPk(Y(iPk)-base >= Th);

%--------------------------------------------------------------------------
function iPk = removeSmallPeaks(y,iFinite,minH,thresh)
% Combination of removePeaksBelowMinPeakHeight and
% removePeaksBelowThreshold for code generation
iPk = coder.nullcopy(iFinite);
nPk = coder.internal.indexInt(0);
n = coder.internal.indexInt(length(iFinite));
for k = 1:n
    j = iFinite(k);
    pk = y(j);
    if pk > minH
        base = max(y(j - 1),y(j + 1));
        if pk - base >= thresh
            nPk = nPk + 1;
            iPk(nPk) = j;
        end
    end
end
iPk = iPk(1:nPk);

%--------------------------------------------------------------------------
function [iPk,bPk,bxPk,byPk,wxPk] = findExtents(y,x,iPk,iFin,iInf,iInflect,minP,minW,maxW,refW)
% temporarily filter out +Inf from the input
yFinite = y;
yFinite(iInf) = NaN;

% get the base and left and right indices of each prominence base
[bPk,iLB,iRB] = getPeakBase(yFinite,iPk,iFin,iInflect);

% keep only those indices with at least the specified prominence
[iPk,bPk,iLB,iRB] = removePeaksBelowMinPeakProminence(yFinite,iPk,bPk,iLB,iRB,minP);

% get the x-coordinates of the half-height width borders of each peak
[wxPk,iLBh,iRBh] = getPeakWidth(yFinite,x,iPk,bPk,iLB,iRB,refW);

% merge finite and infinite peaks together into one list
[iPk,bPk,bxPk,byPk,wxPk] = combineFullPeaks(y,x,iPk,bPk,iLBh,iRBh,wxPk,iInf);

% keep only those in the range minW < w < maxW
[iPk,bPk,bxPk,byPk,wxPk] = removePeaksOutsideWidth(iPk,bPk,bxPk,byPk,wxPk,minW,maxW);


%--------------------------------------------------------------------------
function [peakBase,iLeftSaddle,iRightSaddle] = getPeakBase(yTemp,iPk,iFin,iInflect)
% determine the indices that border each finite peak
[iLeftBase, iLeftSaddle] = getLeftBase(yTemp,iPk,iFin,iInflect);
[iRightBase, iRightSaddle] = getLeftBase(yTemp,flipud(iPk),flipud(iFin),flipud(iInflect));
iRightBase = flipud(iRightBase);
iRightSaddle = flipud(iRightSaddle);
peakBase = max(yTemp(iLeftBase),yTemp(iRightBase));

%--------------------------------------------------------------------------
function [iBase, iSaddle] = getLeftBase(yTemp,iPeak,iFinite,iInflect)
IZERO = getIZERO;
IONE = ones('like',IZERO);

% pre-initialize output base and saddle indices
iBase = zeros(size(iPeak),'like',IZERO);
iSaddle = zeros(size(iPeak),'like',IZERO);

% table stores the most recently encountered peaks in order of height
peak = zeros(size(iFinite));
valley = zeros(size(iFinite));
iValley = zeros(size(iFinite),'like',IZERO);

n = IZERO;
i = IONE;
j = IONE;
k = IONE;

% pre-initialize v for code generation
v = nan('like',yTemp); 
iv = IONE;

while k<=length(iPeak)
  % walk through the inflections until you reach a peak
  while iInflect(i) ~= iFinite(j) 
    v(1) = yTemp(iInflect(i));
    iv = iInflect(i);
    if isnan(v)
      % border seen, start over.
      n = IZERO;
    else
      % ignore previously stored peaks with a valley larger than this one
      while n>0 && valley(n)>v
        n = n - 1;
      end
    end
    i = i + 1;
  end
  % get the peak
  p = yTemp(iInflect(i));
  
  % keep the smallest valley of all smaller peaks
  while n>0 && peak(n) < p
    if valley(n) < v
      v(1) = valley(n);
      iv = iValley(n);
    end
    n = n - 1;
  end

  % record "saddle" valleys in between equal-height peaks
  isv = iv;
  
  % keep seeking smaller valleys until you reach a larger peak
  while n>0 && peak(n) <= p
    if valley(n) < v
      v(1) = valley(n);
      iv = iValley(n);
    end
    n = n - 1;      
  end
  
  % record the new peak and save the index of the valley into the base
  % and saddle
  n = n + 1;
  peak(n) = p;
  valley(n) = v;
  iValley(n) = iv;

  if iInflect(i) == iPeak(k)
    iBase(k) = iv;
    iSaddle(k) = isv;
    k = k + 1;
  end
  
  i = i + 1;
  j = j + 1;
end

%--------------------------------------------------------------------------
function [iPk,pbPk,iLB,iRB] = removePeaksBelowMinPeakProminence(y,iPk,pbPk,iLB,iRB,minP)
% compute the prominence of each peak
Ppk = y(iPk)-pbPk;

% keep those that are above the specified prominence
idx = find(Ppk >= minP);
iPk = iPk(idx);
pbPk = pbPk(idx);
iLB = iLB(idx);
iRB = iRB(idx);

%--------------------------------------------------------------------------
function [wxPk,iLBh,iRBh] = getPeakWidth(y,x,iPk,pbPk,iLB,iRB,wRef)
if isempty(iPk)
  % no peaks.  define empty containers
  base = zeros(size(iPk),'like',y);
  IZERO = getIZERO;
  iLBh = zeros(size(iPk),'like',IZERO);
  iRBh = zeros(size(iPk),'like',IZERO);  
elseif strcmp(wRef,'halfheight')
  % set the baseline to zero
  base = zeros(size(iPk),'like',y);

  % border the width by no more than the lowest valley between this peak
  % and the next peak
  iLBh = [iLB(1); max(iLB(2:end),iRB(1:end-1))];
  iRBh = [min(iRB(1:end-1),iLB(2:end)); iRB(end)];
  iGuard = iLBh > iPk;
  iLBh(iGuard) = iLB(iGuard);
  iGuard = iRBh < iPk;
  iRBh(iGuard) = iRB(iGuard);
else
  % use the prominence base
  base = pbPk;
  
  % border the width by the saddle of the peak
  iLBh = iLB;
  iRBh = iRB;
end

% get the width boundaries of each peak
wxPk = getHalfMaxBounds(y, x, iPk, base, iLBh, iRBh);

%--------------------------------------------------------------------------
function bounds = getHalfMaxBounds(y, x, iPk, base, iLB, iRB)
n = length(iPk);
if isnumeric(x)
  bounds = zeros(n,2,'like',x);
else
  bounds = [x(1:n) x(1:n)];
end
% interpolate both the left and right bounds clamping at borders
for i=1:n
  
  % compute the desired reference level at half-height or half-prominence
  refHeight = (y(iPk(i))+base(i))/2;
  
  % compute the index of the left-intercept at half max
  iLeft = findLeftIntercept(y, iPk(i), iLB(i), refHeight);
  if iLeft < iLB(i)
    bounds(i,1) = x(iLB(i));
  else
    bounds(i,1) = linterp(x(iLeft),x(iLeft+1),y(iLeft),y(iLeft+1),y(iPk(i)),base(i));
  end
  
  % compute the index of the right-intercept
  iRight = findRightIntercept(y, iPk(i), iRB(i), refHeight);
  if iRight > iRB(i)
    bounds(i,2) = x(iRB(i));
  else
    bounds(i,2) = linterp(x(iRight), x(iRight-1), y(iRight), y(iRight-1), y(iPk(i)),base(i));
  end

end

%--------------------------------------------------------------------------
function idx = findLeftIntercept(y, idx, borderIdx, refHeight)
% decrement index until you pass under the reference height or pass the
% index of the left border, whichever comes first
while idx>=borderIdx && y(idx) > refHeight
  idx = idx - 1;
end

%--------------------------------------------------------------------------
function idx = findRightIntercept(y, idx, borderIdx, refHeight)
% increment index until you pass under the reference height or pass the
% index of the right border, whichever comes first
while idx<=borderIdx && y(idx) > refHeight
  idx = idx + 1;
end

%--------------------------------------------------------------------------
function xc = linterp(xa,xb,ya,yb,yc,bc)
% interpolate between points (xa,ya) and (xb,yb) to find (xc, 0.5*(yc-yc)).
xc = xa + (xb-xa) .* (0.5*(yc+bc)-ya) ./ (yb-ya);

% invoke L'Hospital's rule when -Inf is encountered. 
if isnumeric(xc) && isnan(xc) || coder.target('MATLAB') && isdatetime(xc) && isnat(xc)
  % yc and yb are guaranteed to be finite. 
  if isinf(bc)
    % both ya and bc are -Inf.
    if isnumeric(xa)
      xc(1) = 0.5*(xa+xb);
    else
      xc(1) = xa+0.5*(xb-xa);
    end
  else
    % only ya is -Inf.
    xc(1) = xb;
  end
end

%--------------------------------------------------------------------------
function [iPk,bPk,bxPk,byPk,wxPk] = removePeaksOutsideWidth(iPk,bPk,bxPk,byPk,wxPk,minW,maxW)

if isempty(iPk) || minW==0 && maxW == inf
  return
end

% compute the width of each peak and extract the matching indices
w = diff(wxPk,1,2);
idx = find(minW <= w & w <= maxW);

% fetch the surviving peaks
iPk = iPk(idx);
bPk = bPk(idx);
bxPk = bxPk(idx,:);
byPk = byPk(idx,:);
wxPk = wxPk(idx,:);

%--------------------------------------------------------------------------
function [iPkOut,bPk,bxPk,byPk,wxPk] = combinePeaks(iPk,iInf)
iPkOut = union(iPk,iInf);
bPk = zeros(0,1);
bxPk = zeros(0,2);
byPk = zeros(0,2);
wxPk = zeros(0,2);

%--------------------------------------------------------------------------
function [iPkOut,bPkOut,bxPkOut,byPkOut,wxPkOut] = combineFullPeaks(y,x,iPk,bPk,iLBw,iRBw,wPk,iInf)
iPkOut = union(iPk, iInf);

% create map of new indices to old indices
[~, iFinite] = intersect(iPkOut,iPk);
[~, iInfinite] = intersect(iPkOut,iInf);

% prevent row concatenation when iPk and iInf both have less than one
% element
iPkOut = iPkOut(:);

% compute prominence base
bPkOut = zeros(size(iPkOut));
bPkOut(iFinite) = bPk;
bPkOut(iInfinite) = 0;

% compute indices of left and right infinite borders
iInfL = max(1,iInf-1);
iInfR = min(iInf+1,length(x));

% copy out x- values of the left and right prominence base
% set each base border of an infinite peaks halfway between itself and
% the next adjacent sample
if isnumeric(x)
  bxPkOut = zeros(size(iPkOut,1),2);
  bxPkOut(iFinite,1) = x(iLBw);
  bxPkOut(iFinite,2) = x(iRBw);
  bxPkOut(iInfinite,1) = 0.5*(x(iInf)+x(iInfL));
  bxPkOut(iInfinite,2) = 0.5*(x(iInf)+x(iInfR));
else
  bxPkOut = [x(1:size(iPkOut,1)) x(1:size(iPkOut,1))];
  bxPkOut(iFinite,1) = x(iLBw);
  bxPkOut(iFinite,2) = x(iRBw);
  bxPkOut(iInfinite,1) = x(iInf) + 0.5*(x(iInfL)-x(iInf));
  bxPkOut(iInfinite,2) = x(iInf) + 0.5*(x(iInfR)-x(iInf));
end

% copy out y- values of the left and right prominence base
byPkOut = zeros(size(iPkOut,1),2);
byPkOut(iFinite,1) = y(iLBw);
byPkOut(iFinite,2) = y(iRBw);
byPkOut(iInfinite,1) = y(iInfL);
byPkOut(iInfinite,2) = y(iInfR);

% copy out x- values of the width borders
% set each width borders of an infinite peaks halfway between itself and
% the next adjacent sample
if isnumeric(x)
  wxPkOut = zeros(size(iPkOut,1),2);
  wxPkOut(iFinite,:) = wPk;
  wxPkOut(iInfinite,1) = 0.5*(x(iInf)+x(iInfL));
  wxPkOut(iInfinite,2) = 0.5*(x(iInf)+x(iInfR));
else
  wxPkOut = [x(1:size(iPkOut,1)) x(1:size(iPkOut,1))];
  wxPkOut(iFinite,:) = wPk;
  wxPkOut(iInfinite,1) = x(iInf)+0.5*(x(iInfL)-x(iInf));
  wxPkOut(iInfinite,2) = x(iInf)+0.5*(x(iInfR)-x(iInf));
end

%--------------------------------------------------------------------------
function idx = findPeaksSeparatedByMoreThanMinPeakDistance(y,x,iPk,Pd)
% Start with the larger peaks to make sure we don't accidentally keep a
% small peak and remove a large peak in its neighborhood. 

if isempty(iPk) || Pd==0
  IONE = ones('like',getIZERO);
  idx = (IONE:length(iPk)).';
  return
end

% copy peak values and locations to a temporary place
pks = y(iPk);
locs = x(iPk);

% Order peaks from large to small
if coder.target('MATLAB')
    [~, sortIdx] = sort(pks,'descend');
else
    sortIdx = coder.internal.sortIdx(pks,'d');
end
locs_temp = locs(sortIdx);

idelete = ones(size(locs_temp))<0;
for i = 1:length(locs_temp)
  if ~idelete(i)
    % If the peak is not in the neighborhood of a larger peak, find
    % secondary peaks to eliminate.
    idelete = idelete | (locs_temp>=locs_temp(i)-Pd)&(locs_temp<=locs_temp(i)+Pd); 
    idelete(i) = 0; % Keep current peak
  end
end

% report back indices in consecutive order
idx = sort(sortIdx(~idelete));



%--------------------------------------------------------------------------
function idx = orderPeaks(Y,iPk,idx,Str)

if isempty(idx) || strcmp(Str,'none')
  return
end

if coder.target('MATLAB')
  [~,s]  = sort(Y(iPk(idx)),Str);
elseif Str(1) == 'a'
  s = coder.internal.sortIdx(Y(iPk(idx)),'a');
else
  s = coder.internal.sortIdx(Y(iPk(idx)),'d');
end

idx = idx(s);


%--------------------------------------------------------------------------
function idx = keepAtMostNpPeaks(idx,Np)

if length(idx)>Np
  idx = idx(1:Np);
end

%--------------------------------------------------------------------------
function [bPk,bxPk,byPk,wxPk] = fetchPeakExtents(idx,bPk,bxPk,byPk,wxPk)
bPk = bPk(idx);
bxPk = bxPk(idx,:);
byPk = byPk(idx,:);
wxPk = wxPk(idx,:);

%--------------------------------------------------------------------------
function [YpkOut,XpkOut] = assignOutputs(y,x,iPk,yIsRow,xIsRow)
coder.internal.prefer_const(yIsRow,xIsRow);

% fetch the coordinates of the peak
Ypk = y(iPk);
Xpk = x(iPk);

% preserve orientation of Y
if yIsRow
  YpkOut = Ypk.';
else
  YpkOut = Ypk;
end

% preserve orientation of X
if xIsRow
  XpkOut = Xpk.';
else
  XpkOut = Xpk;
end

%--------------------------------------------------------------------------
function [YpkOut,XpkOut,WpkOut,PpkOut] = assignFullOutputs(y,x,iPk,wxPk,bPk,yIsRow,xIsRow)
coder.internal.prefer_const(yIsRow,xIsRow);

% fetch the coordinates of the peak
Ypk = y(iPk);
Xpk = x(iPk);

% compute the width and prominence
Wpk = diff(wxPk,1,2);
Ppk = Ypk-bPk;

% preserve orientation of Y (and P)
if yIsRow
  YpkOut = Ypk.';
  PpkOut = Ppk.';
else
  YpkOut = Ypk;
  PpkOut = Ppk;  
end

% preserve orientation of X (and W)
if xIsRow
  XpkOut = Xpk.';
  WpkOut = Wpk.';
else
  XpkOut = Xpk;
  WpkOut = Wpk;  
end

%--------------------------------------------------------------------------
function hAxes = plotSignalWithPeaks(x,y,iPk)

% plot signal
hLine = plot(x,y,'Tag','Signal');
hAxes = ancestor(hLine,'Axes');
% turn on grid
grid on;
if length(x)>1
  hAxes.XLim = hLine.XData([1 end]);
end

% use the color of the line
color = get(hLine,'Color');
hLine = line(hLine.XData(iPk),y(iPk),'Parent',hAxes, ...
     'Marker','o','LineStyle','none','Color',color,'tag','Peak');

% if using MATLAB use offset inverted triangular marker
plotpkmarkers(hLine,y(iPk));
   
%--------------------------------------------------------------------------
function plotExtents(hAxes,x,y,iPk,bPk,bxPk,byPk,wxPk,refW)

% compute level of half-maximum (height or prominence)
if strcmp(refW,'halfheight')
  hm = 0.5*y(iPk);
else
  hm = 0.5*(y(iPk)+bPk);
end

% get the default color order
colors = get(0,'DefaultAxesColorOrder');

% plot boundaries between adjacent peaks when using half-height
if strcmp(refW,'halfheight')
  % plot height
  plotLines(hAxes,'Height',x(iPk),y(iPk),x(iPk),zeros(length(iPk),1),colors(2,:));  

  % plot width
  plotLines(hAxes,'HalfHeightWidth',wxPk(:,1),hm,wxPk(:,2),hm,colors(3,:));
      
  % plot peak borders
  idx = find(byPk(:,1)>0);
  plotLines(hAxes,'Border',bxPk(idx,1),zeros(length(idx),1),bxPk(idx,1),byPk(idx,1),colors(4,:));
  idx = find(byPk(:,2)>0);
  plotLines(hAxes,'Border',bxPk(idx,2),zeros(length(idx),1),bxPk(idx,2),byPk(idx,2),colors(4,:));
  
else
  % plot prominence
  plotLines(hAxes,'Prominence',x(iPk), y(iPk), x(iPk), bPk, colors(2,:));  
  
  % plot width
  plotLines(hAxes,'HalfProminenceWidth',wxPk(:,1), hm, wxPk(:,2), hm, colors(3,:));
  
  % plot peak borders
  idx = find(bPk(:)<byPk(:,1));
  plotLines(hAxes,'Border',bxPk(idx,1),bPk(idx),bxPk(idx,1),byPk(idx,1),colors(4,:));
  idx = find(bPk(:)<byPk(:,2));
  plotLines(hAxes,'Border',bxPk(idx,2),bPk(idx),bxPk(idx,2),byPk(idx,2),colors(4,:));
end

hLine = get(hAxes,'Children');
tags = get(hLine,'tag');

legendStrs = {};
searchTags = {'Signal','Peak','Prominence','Height','HalfProminenceWidth','HalfHeightWidth','Border'};
for i=1:length(searchTags)
    if any(strcmp(searchTags{i},tags))
        legendStrs = [legendStrs, ...
            {getString(message(['signal:findpeaks:Legend' searchTags{i}]))}]; %#ok<AGROW>
    end
end

if length(hLine)==1
    legend(getString(message('signal:findpeaks:LegendSignalNoPeaks')), ...
        'Location','best');
else
    legend(legendStrs,'Location','best');
end

%--------------------------------------------------------------------------
function plotLines(hAxes,tag,x1,y1,x2,y2,c)
% concatenate multiple lines into a single line and fencepost with NaN
n = length(x1);
if isnumeric(x1)
  line(reshape([x1(:).'; x2(:).'; NaN(1,n)], 3*n, 1), ...
       reshape([y1(:).'; y2(:).'; NaN(1,n)], 3*n, 1), ...
       'Color',c,'Parent',hAxes,'tag',tag);
elseif coder.target('MATLAB') && isdatetime(x1)
  line(reshape([x1(:).'; x2(:).'; NaT(1,n)], 3*n, 1), ...
       reshape([y1(:).'; y2(:).'; NaN(1,n)], 3*n, 1), ...
       'Color',c,'Parent',hAxes,'tag',tag);
end

%--------------------------------------------------------------------------
function scalePlot(hAxes)

% In the event that the plot has integer valued y limits, 'axis auto' may
% clip the YLimits directly to the data with no margin.  We search every
% line for its max and minimum value and create a temporary annotation that
% is 10% larger than the min and max values.  We then feed this to "axis
% auto", save the y limits, set axis to "tight" then restore the y limits.
% This obviates the need to check each line for its max and minimum x
% values as well.

minVal = Inf;
maxVal = -Inf;

hLines = findall(hAxes,'Type','line');
for i=1:length(hLines)
data = get(hLines(i),'YData');
data = data(isfinite(data));
if ~isempty(data)
  minVal = min(minVal, min(data(:)));
  maxVal = max(maxVal, max(data(:)));
end
end

xlimits = xlim;
axis auto

% grow upper and lower y extent by 5% (a total of 10%)
p = .05;    
y1 = (1+p)*maxVal - p*minVal;
y2 = (1+p)*minVal - p*maxVal;

% artificially expand the data range by the specified amount
hTempLine = line(xlimits([1 1]),[y1 y2],'Parent',hAxes);  

% save the limits
ylimits = ylim;
delete(hTempLine);  

% preserve expanded y limits but tighten x axis.
axis tight
ylim(ylimits);
xlim(xlimits);

%--------------------------------------------------------------------------
function y = getIZERO
% Return zero of the indexing type: double 0 in MATLAB,
% coder.internal.indexInt(0) for code generation targets.
if coder.target('MATLAB')
    y = 0;
else
    y = coder.internal.indexInt(0);
end

% [EOF]





function [BubTimes,LaserEnergy,EstimatedEnergy,sortedpks,rawEnergyMeter,SS] = LSP_TDMS(fileFolder,fileName,beginning,ending, ToPlotOrNOt)
%LSP_TDMS processes and plots a waveform from the cavitation bubbles in LSP
%
% Function to Relies on
% TDMS Reader library
% BubbleEnergyLSP.m
% PLottingFuncLSP.m
% SpotSizeLookup.m
% findpeaks.m
% normalize_coordinate.m

%   Nicholas Stiekema 21/05/2021
tic;
Directory = fullfile(fileFolder, fileName);

[~,fileName,~]= fileparts(Directory); fileName = strrep(fileName, ' ', '_');


%% Inititialising the arrays by checking the TDMS file once
%Determining if the file has pressure pulse data or not.
[tdmsStruct,~] = TDMS_readTDMSFile(Directory,'GET_DATA_OPTION','getNone');
s = size(tdmsStruct.chanNames{1,1});
if s(1,2) <=2
    disp(['                    #########################################';
        '                    ########  No Pulse Data to show  ########';
        '                    #########################################']);
    Pulse =0;
    % return
else
    Pulse =1;
end

Groups = tdmsStruct.groupNames;
BubTimes = 0;
% LaserEnergy = 0;
EstimatedEnergy = -5;
sortedpks = [-1 -1];
%% %%%%%%%%%%%%%%%%%% Energy of the Shots With Pulse %%%%%%%%%%%%%%%%%%%%%%
if Pulse == 1
    %Getting the size of the data and initialising variables
    [channelData,~] = TDMS_readChannelOrGroup(Directory,Groups(1),[]); %reading the channel data
    %Getting the data size, since that may vary
    datatemp = channelData{1,:};
    datasize = size(datatemp);
    groupsize = size(Groups);
    fprintf([fileName ' has ' num2str(groupsize(1,2)) ' points. ' ' %s\n'], datestr(now, 'HH:MM:SS.FFF'));
    %Constants
    SampleRate = 5000000; %Samples/second
    %   Analog2Energy = 1;% old: 1.3906; %J/volt
    voltConst = 277.777777778; %Kpa/Volt
    Time = 1:datasize(1,2);
    startnum =beginning;
    endnum = ending; if endnum > groupsize(1,2); endnum = groupsize(1,2); end
    testsamplesize = endnum-startnum;
    sig = zeros(testsamplesize,datasize(1,2));          %initialising the sig array
    Energy = zeros(endnum,1);                           %initialising the Energy array
    CompBubtime = zeros(endnum,1);                      %initialising the ComBubtime array
    %    Shots = (1:endnum)';                                %initialising the Shots array
    
    %% Reading all the entries from startnum to endnum, Populating the sig array
    for i = 0:testsamplesize
        [channelData,~] = TDMS_readChannelOrGroup(Directory,Groups(startnum+i),[]);
        sig(i+1,:) = channelData{1,:};%this is actually channelData{1,1}
        Energy(i+1) = channelData{:,2}; %this is actually channelData{1,2}
        CompBubtime(i+1) = channelData{1,3}; %this is actually channelData{1,3}
    end
    
    %% Finding Peaks for each "Pullse"
    press=sig.*voltConst;
    allpks = zeros(testsamplesize,3);
    alllocs = zeros(testsamplesize,3);
    pks = zeros(testsamplesize,2);
    locs = zeros(testsamplesize,2);
    MinPeakHeight = 400;%[kPa]          %<<<<<<<<< This is the minimum height each peak needs to exceed
    if max(max(press))<= MinPeakHeight
        disp('No peaks: Data<MinPeakHeight');
        NoPeaksFound = 1;
    else
        NoPeaksFound = 0;
        for k = 1:testsamplesize
            if max(max(press(k,:)))<= MinPeakHeight
                msg = ['Data points Do Not Exceed MinPeakHeight in ', num2str(k,'%.0f')]; % disp(msg);
            else
                if size(findpeaks(press(k,:), 'MinPeakDistance',400,'MinPeakHeight',MinPeakHeight),2) <=2
                    [pks(k,:),locs(k,:)] = findpeaks(press(k,:),'Npeaks',2, 'MinPeakDistance',400,'MinPeakHeight',MinPeakHeight);
                else
                    [allpks(k,:),alllocs(k,:)] = findpeaks(press(k,:),'Npeaks',3, 'MinPeakDistance',400,'MinPeakHeight',MinPeakHeight);
                    msg = ['Data points Exceed MinPeakHeight in shot number ', num2str(k,'%.0f')]; %disp(msg);
                    
                    if  (alllocs(k,3) > alllocs(k,2))
                        locs(k,1) = alllocs(k,1);
                        locs(k,2) = alllocs(k,2);  % locs(k,2) = alllocs(k,3); for geometry tests
                        pks(k,1) = allpks(k,1);
                        pks(k,2) = allpks(k,2);  %change to pks(k,2) = allpks(k,3); for geometry tests
                        
                    else
                        locs(k,1:2) = alllocs(k,1:2);
                        pks(k,1:2) = allpks(k,1:2);
                    end
                    
                end
                
            end
        end
    end
    Time=Time./SampleRate;
    % Finding the bubble time and Energy
    [Rows, Col] = size(locs);
    BubTimes = zeros(Rows,1);
    if Col>=2
        for b = 1:testsamplesize
            BubTimes(b) = (locs(b,2)-locs(b,1))/SampleRate;
        end
    end
    BubTimeErr =  std(BubTimes);
    BubTime = max(BubTimes);   %Taking the maximum bubble time as the given bubble time for plotting
    BubEnergies1 = BubbleEnergyLSP(BubTimes);
    BubEnergies2 = BubbleEnergyLSP(CompBubtime);
    % Finding the Magnitude of each pulse
    pks_index = [];
    sortedpks = zeros(length(pks_index));
    pks_index(:,1) = find(pks(:,1));
    pks_index(:,2) = find(pks(:,2));
    for t =1:length(pks_index(:,1))
        sortedpks(t,1) = pks(pks_index(t),1);
        sortedpks(t,2) = pks(pks_index(t),2);
    end
    if ToPlotOrNOt >=1
        %% Plotting the Pulse figure
        if NoPeaksFound == 0
            % Plottting the waveform of the pulse
            PlottingFuncLSP( Time,press,locs,pks,endnum,startnum,BubTime,BubTimeErr,fileName,fileFolder )
            %             % For a close look at the waveform of peaks
            %             windowsize = 0.00001;
            %             peakNum = 1;
            %             ZoomedPlottingFuncLSP( Time,press,locs,pks,endnum,startnum,BubTime,windowsize,peakNum,Directory  )
        end
    end
else
    %% %%%%%%%%%%%%%%%% Just the Energy of the Shots, no Pulse %%%%%%%%%%
    %This is not useful data to us.
    fprintf("No pulse information to see");
end

%% Finding the Manually typed in Energy, for the energy scaler
str = tdmsStruct.propValues{1,1}{1,3};
ValStrings= extractBetween(str,"<Val>","</Val>")
%Handling Error Cases:
if length(strfind(ValStrings{1,1},'.')) ~= 1
    noclearEnergy = 1
elseif isempty(ValStrings{1,1}) ==1
    noclearEnergy = 2
else %No errors, continue estimating the energy as entered
    noclearEnergy = 0
    
    % EstimatedEnergy = ValStrings{1,1}(end)
    EstimatedEnergy = str2num(ValStrings{1,1})*1000;
end
rawEnergyMeter = Energy;
% try to guess the energy of the test from the folder names
if noclearEnergy >= 1
    
    if contains(fileFolder,'mJ') ==1
        charac = char(fileFolder)
        EstimatedEnergy = charac(regexp(fileFolder,"mJ")-3:regexp(fileFolder,"mJ")-1)
        EstimatedEnergy = str2num(EstimatedEnergy)
    else
        prompt = {'No indication of Energy? Voltage = '};
        dlgtitle = fileFolder;
        dims = [1 (length(fileFolder)+20)];
        definput = {'400'};
        % ask the user
        EstimatedEnergy = inputdlg(prompt,dlgtitle,dims,definput);
        EstimatedEnergy = str2num(EstimatedEnergy{1,1});
    end
    
end
% an exception
if contains(fileFolder, "200mJNoDrainRepRateTest-_1.2.5.10_Hz/")
    EstimatedEnergy = 200;
end

%Converting the voltage into a laser energy
if EstimatedEnergy <= 50
    if mean(Energy) <=0.22
        Analog2Energy = 1.19119306350433;
    else
        Analog2Energy = 0.140337272073939;
    end
elseif EstimatedEnergy <= 100
    if mean(Energy) <=0.22
        Analog2Energy = 1.19119306350433;
    else
        Analog2Energy = 0.144106542184389;
    end
elseif EstimatedEnergy <= 150
    if mean(Energy) <=0.22
        Analog2Energy = 1.28842327929381;
    else
        Analog2Energy = 0.145648625400459;
    end
elseif EstimatedEnergy <= 200
    if mean(Energy) <=0.22
        Analog2Energy = 1.34083754698971;
    else
        Analog2Energy = 0.148269642444782;
    end
elseif EstimatedEnergy <= 250
    if mean(Energy) <=0.22
        Analog2Energy = 1.35695804337972;
    else
        Analog2Energy = 0.148186185036668;
    end
elseif EstimatedEnergy <= 300
    Analog2Energy = 1.350329670329670;
elseif EstimatedEnergy <= 350
    Analog2Energy = 1.37;
elseif EstimatedEnergy <= 400
    Analog2Energy = 1.39;
elseif EstimatedEnergy <= 450
    Analog2Energy = 1.405;
elseif EstimatedEnergy <= 500
    Analog2Energy = 1.41;
elseif EstimatedEnergy <= 550
    Analog2Energy = 1.3906;
elseif EstimatedEnergy <= 600
    Analog2Energy = 1.388;
elseif EstimatedEnergy <= 650
    Analog2Energy = 1.388;
elseif EstimatedEnergy <= 700
    Analog2Energy = 1.4;
elseif EstimatedEnergy <= 750
    Analog2Energy = 1.41;
elseif EstimatedEnergy <= 800
    Analog2Energy = 1.3906;
else
    Analog2Energy = 1.3906;
end
LaserEnergy = Energy.*Analog2Energy;

fprintf('          Description: %s      ', ValStrings{end,1} );
fprintf('          Calc Energy Scaler: %.3f \n',Analog2Energy );
fprintf('          Estimated Energy: %.1f \n',EstimatedEnergy );
fprintf('          Laser Energy: %.3f \n',mean(LaserEnergy) );

SS = SpotSizeLookup(fileName);

TDMSfiletime = toc;
if BubTime>0
    msg = [' This file took ',num2str(TDMSfiletime/60),' min', '\n  Estimated Test Energy = ', num2str(EstimatedEnergy),'mJ. ',' Max bubble time: ', num2str(BubTime*1000000,'%.1f'), ' microseconds \n'];  fprintf(msg);
end

end
%end




function [] = PlottingFuncLSP( Time,sig,locs,pks,endnum,startnum,BubTime,BubTimeErr,TestName,pathname )

%PlottingFuncLSP Plots a graph

%   Plots a graph according to how LSP_TDMS.m function needs it

%   Nicholas Stiekema 21/05/2021



%% %%%%%%%%%%%%%%%%%%%%%%%Plotting the figure 1 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

close all



Powerpoint = false;



F1 = figure;

% figure('Units','centimeters',...

% 'Position',[2 10 10 10],...

% 'PaperPositionMode','auto');



hold on



if Powerpoint == true

    bgColour = 'k';

    fontColour = 'w';

    plotColour = ['-','g'];

    SaveBG = 'off';

    axisCol = [0.8,0.8,0.8];

    TheTitle = 'Heart Beat of LSP';

    endnum = 2;

else

     bgColour = 'w';

     fontColour = 'k';

     plotColour = '-' ;

      SaveBG = 'on';

      axisCol =[0, 0, 0];

      TheTitle = 'Pressure Chart';

end





 %%Plotting each Waveform on the fig



for j = 1:endnum - startnum

%     if isnumeric(pks(j,:)) ==0

%     else

if pks(j,1) ~=0

h(1) = plot(Time,sig(j,:),plotColour);

%plot(Time(1,locs(j,1)),pks(j,1),'or',Time(1,locs(j,2)),pks(j,2),'or');

  %  end

end

end





ax =gca;



%% Plotting the Peaks values

% placing markers in the approximate peak location

h(2) = plot(Time(min(locs(locs> 0))),max(pks(:,1)),'ro');

h(3) = plot(Time(1,max(locs(:,2))),max(pks(:,2)),'ro'); 

% placing the pressure values in the approximate location

T1 =num2str(max(pks(:,1)),'%.1f');

T2 =num2str(max(pks(:,2)),'%.1f'); 

text(Time(min(locs(locs> 0))),max(pks(:,1)),['~~', T1,'KPa'],'FontName','Times', 'color',fontColour,'FontSize',12,'Interpreter','latex')

text(Time(1,max(locs(:,2))),max(pks(:,2)),['~~',T2,'KPa'],'FontName','Times','color',fontColour,'FontSize',12,'Interpreter','latex')

%mean(pks(:,2));



%% Sizing and axes

set(ax,...

'color', bgColour,...

'Units','normalized',...                 % Didn't Work: 'format','%.3f',... %'YTick','auto',...

'XTick',0:Time(end)/8:Time(end),...

'TickLabelInterpreter','latex',...

'Position',[.15 .2 .75 .7],...

'FontUnits','points',...

'FontWeight','normal',...

'FontSize',12,...

'XMinorTick','on','YMinorTick','on',...

'XMinorGrid','off', 'YMinorGrid','off',...

'XColor', axisCol,...

'YColor', axisCol,...

'FontName','Times')



ylabel({'Pressure [$KPa$]'},...

'FontUnits','points',...

'Color',fontColour,...

'interpreter','latex',...

'FontSize',12,...

'FontName','Times')

xlabel('Time [s]',...

'Color',fontColour,...

'interpreter','latex',...

'FontUnits','points',...

'FontWeight','normal',...

'FontSize',12,...

'FontName','Times')



grid on



 %set(gca,'InvertHardcopy','on');

  eWidth=0.1;

  eHieight=0.1;

  Pwidth = 15;

  Pheight =11;

    width = Pwidth*(1+eWidth);    % Width in centimeters

  height = Pheight*(1+eHieight);     % Height in centimeters 

  set(F1,'PaperUnits', 'centimeters','PaperSize',[Pwidth, Pheight]);

  

% % %   papersize = get(F1, 'PaperSize');

% % %   left = (papersize(1)- width)/2 ;

left = -(Pwidth*eWidth)/2 ;

  bottom = -(Pheight*eHieight)/2;

  myfiguresize = [left, bottom, width, height]

  set(F1,'PaperPosition', myfiguresize);





%% Putting an arrow on the plot

axes = get(gca, 'Position');

xlims_ = get(gca, 'xlim');

ylims_ = get(gca, 'ylim');

[nx1, ny1] = normalize_coordinate(Time(min(locs(locs> 0))), max(pks(:,2)), axes, xlims_, ylims_, 0, 0); %Starting coordinates for the Arrow

[nx2, ny1] = normalize_coordinate(Time(round(max(locs(:,2)))), max(pks(:,2)), axes, xlims_, ylims_, 0, 0); %Ending coordinates for the Arrow

arrowcentrepoint = ((nx2 - nx1) + 2*nx1/5 );      

line1 = [num2str((BubTime*1000000), '%.3f'),'$\mu$','s'];

ln = length(line1);

spacingArg = ['%-', num2str(ln), 's'];

line2 = sprintf(spacingArg, ' ');

annotestring = [line1;line2];

%obj = dataArrowLSP(Time(round(mean(locs(:,2)))),mean(pks(:,2)),F1)



%annotation('doublearrow',[nx1+0.018,nx2+0.01],[ny1*0.9,ny1*0.9],'Color',axisCol)

ArrowHeightFrac = 0.65;

annotation('textarrow',[(arrowcentrepoint -(nx2 - nx1)*0.1),nx2*1.00],[ny1*ArrowHeightFrac,ny1*ArrowHeightFrac],'Color',axisCol,'String',annotestring,'FontName','Times','Interpreter','latex')

annotation('textarrow',[arrowcentrepoint, nx1],[ny1*ArrowHeightFrac,ny1*ArrowHeightFrac],'Color',axisCol)

%annotestring = ['Bubble time of ' num2str((BubTime*1000000), '%.3f') '$\pm$' num2str((BubTimeErr*1000000),'%.2f') '$\mu$' 's'];





% % % %fig.PaperPositionMode = 'auto';

% % % %fig_pos = fig.PaperPosition;

% % % %fig.PaperSize = [fig_pos(3) fig_pos(4)];





leg1 = legend([h(1),h(2)],{'Transducer','Peaks'},'Location','best');

%leg1 = legend({'Transducer','Peaks'},'Location','best');

set(leg1,'Interpreter','latex');

set(leg1,'FontSize',12, 'TextColor',fontColour);

  

%   

% ax = gca;

% outerpos = ax.OuterPosition;

% ti = ax.TightInset; 

% left = outerpos(1) + ti(1);

% bottom = outerpos(2) + ti(2);

% ax_width = outerpos(3) - ti(1) - ti(3);

% ax_height = outerpos(4) - ti(2) - ti(4);

% ax.Position = [left bottom ax_width ax_height];

fig = gcf;

fig.Color = bgColour;

fig.InvertHardcopy = SaveBG;

% % % %fig.PaperPositionMode = 'auto';

% % % %fig_pos = fig.PaperPosition;

% % % %fig.PaperSize = [fig_pos(3) fig_pos(4)];



%% Save the file as %%

print(gcf, [pathname ,'Waveform',TestName,'.pdf'],'-dpdf');

print([pathname TestName 'PULSE'],'-dpng','-r400');

savefig(fig,[pathname, TestName, 'PULSE','.fig'],'compact');





%print(gcf, [pathname ,'Waveform',TestName,'.pdf'],'-dpdf');

%%%%% print(gcf, [pathname ,'Waveform',TestName,'.png'],'-dpng','-r400');%%





%print([pathname TestName 'PULSE'],'-dpdf','-r100');

%print(TestName,'-deps','myfiguresize-r400');





%[img, map, alphachannel] = imread([TestName '.png']);

%image(img, 'AlphaData', alphachannel);

%imwrite(F1, [TestName '.png'], 'png', 'Transparency', 'Background',[0,1] )



hold off



%Energy plot

% figure

% fig2 = plot(Energy);





end






function [ SpotSize] = SpotSizeLookup(fileName)
%SpotSizeLookup finds the spot size for the tdms file
%   For all the tests in the caviation bubble study, each day's spot size
%   is recorded here. The day is extracted from the tdms filename and 
%   the corresponding spot size is looked up.
%   Nicholas Stiekema 21/05/2021

% Remove the Space from the file name
fileName = strrep(fileName, ' ', '_');
fname = {fileName};

% find the daytime information
DayTime = datetime(fname,'InputFormat','uuuu-MM-dd''_''HH-mm-ss','TimeZone','UTC');
% use only the day
DAY = day(DayTime);

% This spot sizes matrix = [Average; standard deviation; number of points for average]
AverageSpots = [1003.95123500099	1004.28353102835	1013.84368301986	995.787304348587	993.537511343187    988.464678325478	928.895402406788	941.982269981948	1009.53652761792	1004.36464018167
                10.0961694830911	11.9464540573814	25.0481435540526	10.4754059246208	11.5485996820736    19.1897477358308 	3.65143472397094	17.2297644708532	59.4500998539828	23.2616578724505
                    6                  	5	                16	                 11	                12	                 8                   5	                5	                8	                12                ];

switch(DAY)
   case 7
       SpotSize = AverageSpots(:,1);
   case 8
       SpotSize = AverageSpots(:,2);
   case 9
       SpotSize = AverageSpots(:,3);
   case 13
       SpotSize = AverageSpots(:,4);
   case 14
       SpotSize = AverageSpots(:,5);
   case 16
       SpotSize = AverageSpots(:,6); %this spots size is assumed based on average
   case 17
       SpotSize = AverageSpots(:,7);
   case 20
       SpotSize = AverageSpots(:,8);
   case 21
       SpotSize = AverageSpots(:,9);
   case 22
       SpotSize = AverageSpots(:,10);
       
       % other days for tests that are not included in this study
    case 23
       SpotSize = [];
    case 24
       SpotSize = [];
    case 25
       SpotSize = [];
    case 26
       SpotSize = [];
    case 27
       SpotSize = [];
    case 28
       SpotSize = [];
    case 29
       SpotSize = [];
    case 30
       SpotSize = [];
    case 31
       SpotSize = [];
    case 1
       SpotSize = [];
    case 2
       SpotSize = [];
    case 3
       SpotSize = [];
    case 4
       SpotSize = [];
    case 5
       SpotSize = [];  
    case 6
       SpotSize = [];
    case 10
       SpotSize = [];
    case 11
       SpotSize = [];
    case 12
       SpotSize = [];
    case 15
       SpotSize = [];
    case 18
       SpotSize = [];
    case 19
       SpotSize = [];
end

end




function [ PowerIntensity ] = EnergyToPI( LaserEnergy, SS, pulseT )
%EnergyToPI calculates the Power Intensity
%   This function takes the laser energy, spot size and pulse duration and
%   calculates the laser power intensity.
%   Nicholas Stiekema 21/05/2021

%LaserEnergy in Joules
%SS is diameter of spot in mm
%pulseT is the laser pulse duration in ns


PowerIntensity = ones(size(LaserEnergy));
for rows = 1:size(LaserEnergy,1)
    
    for cols = 1:size(LaserEnergy,2)
PowerIntensity(rows,cols) = (LaserEnergy(rows,cols)*400)/(pi*SS(1,1)^2*pulseT);
    end
end


end




function [BubEnergies] = BubbleEnergyLSP(BubTimes)

%BubbleEnergy Calculates the bubble energy given the lifetime of the bubble 

%   Inputs are a vertical array of bubble times Outputs are an array of

%   Bubbles energies corrosponding to the bubble time.



%   Nicholas Stiekema 21/05/2021



%Constants

P0 =  87000;

Pv = 2330 ;

rho = 998.2;

ProlongationFactor  = 1.146; % the effect of the wall on the bubble time as compared to perfectly spherical bubbles

BubEnergies = zeros(length(BubTimes),1);

bubble_e = zeros(length(BubTimes),1);

for i =1:length(BubTimes)

    

    BubEnergies(i) =   ( (P0 - Pv).^2.5 )/( (1.43031.^3) *rho.^1.5 ) *((BubTimes(i)./ProlongationFactor).^3);

    bubble_e(i) = (((P0-Pv).^(5/6) * BubTimes(i))/(1.43031 * rho.^0.5)).^3 * 10;

end





end






function [MeanEnergy, MeanBubTimes, MeanShock1,MeanShock2,MeanBubenergy,MeanPowerIntensity] = LSPStats( ShotEnergy )
%LSPStats calculates the data Mean, and total uncertainty of an input data
%set. 
%   The ShotEnergy input cell is produced with the LSPBatchProcessing.m
%   script. The outputs are matrices with the mean and measurement
%   uncertainty for each; Laser Energy, Bubble Lifetime, First and Second
%   Shock wave pressures, Bubble Energy, and Power Intensity.

% Nicholas Stiekema 23/02/2021
% Mean, standdard Deviation, standard random uncertainty P,
% and t estimator from T-distribtion t in the same matrix

B_MeanEnergy =  0.02040737028 ; % design uncertainty of the Energy Meter   %0.039382838; %J
B_SpotSize = 65e-6 ;% m 
B_Pressure = 21.14830989; %kPa % design uncertainty of the Pressure measurement

%This B_MeanBubenergy requires a function, as this is not a constant, found through
%Perturbation Uncertainty 
function [B_MbE] = B_MeanBubenergy(BubTime)
   B_MbE  = (1.217e+06)*BubTime^3 + ( 75.38 ) *BubTime^2 + (0.09899)*BubTime  +  (-3.365e-06 );
end

%This B_MeanBubTimes requires a function, as this is not a constant, found through
%Perturbation Uncertainty and fitting a curve
function [B_MbT] = B_MeanBubTimes(BubTime)
   B_MbT = (-2.217e-10)*BubTime^3 + (0.000611)*BubTime^2 + (-4.583e-10)*BubTime + (3.694e-08);
end

% Initialising matrices
S_MeanEnergy = zeros(4,size(ShotEnergy,1));
S_MeanBubTimes = zeros(4,size(ShotEnergy,1));
S_MeanShock1 = zeros(4,size(ShotEnergy,1));
S_MeanShock2 = zeros(4,size(ShotEnergy,1));
S_MeanBubenergy = nan(4,size(ShotEnergy,1));
S_MeanPowerIntensity = zeros(4,size(ShotEnergy,1));
SpotSizesStats = zeros(4,size(ShotEnergy,1));

% Finding the standard random uncertainty of each measurement
for w = 1:size(ShotEnergy,1)
    if iscell(ShotEnergy{w,1})
        S_MeanEnergy(:,w) = [ LSP_mean(ShotEnergy{w,1}{2,1}); LSP_std(ShotEnergy{w,1}{2,1}); LSP_S(ShotEnergy{w,1}{2,1}); LSP_TEstimator(ShotEnergy{w,1}{2,1})];
        S_MeanBubTimes(:,w) =  [LSP_mean(ShotEnergy{w,1}{3,1}); LSP_std(ShotEnergy{w,1}{3,1}); LSP_S(ShotEnergy{w,1}{3,1}); LSP_TEstimator(ShotEnergy{w,1}{3,1})];
        S_MeanShock1(:,w) =  [LSP_mean(ShotEnergy{w,1}{4,1}); LSP_std(ShotEnergy{w,1}{4,1}); LSP_S(ShotEnergy{w,1}{4,1}); LSP_TEstimator(ShotEnergy{w,1}{4,1})];
        S_MeanShock2(:,w) =  [LSP_mean(ShotEnergy{w,1}{5,1}); LSP_std(ShotEnergy{w,1}{5,1}); LSP_S(ShotEnergy{w,1}{5,1}); LSP_TEstimator(ShotEnergy{w,1}{5,1})];
        S_MeanBubenergy(:,w) = [LSP_mean(BubbleEnergyLSP(ShotEnergy{w,1}{3,1})); LSP_std(BubbleEnergyLSP(ShotEnergy{w,1}{3,1}));
            LSP_S(BubbleEnergyLSP(ShotEnergy{w,1}{3,1}));LSP_TEstimator(BubbleEnergyLSP(ShotEnergy{w,1}{3,1}))];
        
        if size(ShotEnergy{1,1},2) >=2 % if there is a recorded spot size, use it for the Power Intensity calc
            
            if size(ShotEnergy{w,1}{1,2},1) >=3 % if there are the std, and number of spots recorded
                
                [S_PI,tx] = PI_S(ShotEnergy{w,1}{2,1}, ShotEnergy{w,1}{1,2}(1,1), ShotEnergy{w,1}{1,2}(2,1),ShotEnergy{w,1}{1,2}(3,1));
                [B_PI] = PI_B(ShotEnergy{w,1}{2,1}, ShotEnergy{w,1}{1,2}(1,1), B_MeanEnergy, B_SpotSize);
                PI_error(w) = PI_uncert(tx,B_PI,S_PI);
                S_MeanPowerIntensity(:,w) = LSP_mean(EnergyToPI(nonzeros(ShotEnergy{w,1}{2,1}),ShotEnergy{w,1}{1,2},6));
               
            elseif size(ShotEnergy{w,1}{1,2},1) >=2
                [S_PI,tx] = PI_S(ShotEnergy{w,1}{2,1}, ShotEnergy{w,1}{1,2}(1,1), ShotEnergy{w,1}{1,2}(2,1),5); % average of 5 number of spots guessed
                [B_PI] = PI_B(ShotEnergy{w,1}{2,1}, ShotEnergy{w,1}{1,2}(1,1), B_MeanEnergy, B_SpotSize);
                PI_error(w) = PI_uncert(tx,B_PI,S_PI);
                S_MeanPowerIntensity(:,w) = LSP_mean(EnergyToPI(nonzeros(ShotEnergy{w,1}{2,1}),ShotEnergy{w,1}{1,2},6));
                 disp('LSPStats says: Average spots size with Std used');
            else % only the average spot is used
                
                S_MeanPowerIntensity(:,w) = [LSP_mean(EnergyToPI(nonzeros(ShotEnergy{w,1}{2,1}),ShotEnergy{w,1}{1,2},6));
                    LSP_std(EnergyToPI(nonzeros(ShotEnergy{w,1}{2,1}),ShotEnergy{w,1}{1,2},6));
                    LSP_S(EnergyToPI(ShotEnergy{w,1}{2,1},ShotEnergy{w,1}{1,2},6));
                    LSP_TEstimator(EnergyToPI(ShotEnergy{w,1}{2,1},ShotEnergy{w,1}{1,2},6))];
                PI_error(w) = 0;
                 disp('LSPStats says: Only average spot size used');
            end
        else
            S_MeanPowerIntensity(:,w) = [LSP_mean(EnergyToPI(nonzeros(ShotEnergy{w,1}{2,1}),1,6));
                LSP_std(EnergyToPI(nonzeros(ShotEnergy{w,1}{2,1}),1,6)); LSP_S(EnergyToPI(ShotEnergy{w,1}{2,1},1,6));
                LSP_TEstimator(EnergyToPI(ShotEnergy{w,1}{2,1},1,6))];
            PI_error(w) = 0;
        end
    end
    
end

%Combining all errors into the total uncertainty (95% certainty), listed after the mean.
MeanEnergy = [S_MeanEnergy(1,:); LSP_uncert(S_MeanEnergy,B_MeanEnergy)];
MeanBubTimes =[S_MeanBubTimes(1,:); LSP_uncert(S_MeanBubTimes,B_MeanBubTimes(LSP_mean(S_MeanBubTimes(1,:))))];  %the bubble time has no known systematic uncertainty, rely only on standard error term
MeanShock1 = [S_MeanShock1(1,:); LSP_uncert(S_MeanShock1,B_Pressure)];
MeanShock2 = [S_MeanShock2(1,:); LSP_uncert(S_MeanShock2,B_Pressure)];
MeanBubenergy = [S_MeanBubenergy(1,:); LSP_uncert(S_MeanBubenergy,B_MeanBubenergy(LSP_mean(S_MeanBubTimes(1,:))))];
MeanPowerIntensity = [S_MeanPowerIntensity(1,:);  PI_error];

end

%%=======Special Functions specific to finding power intensity uncertainty=========================
% standard random uncertainty S

function [S_PI,tx] = PI_S(EnergyMatrix, AveSpotsize, StdSpotsize,NumSpotsize)
% Energy matrix
% Average spot size
% Spot Standard deviation
% Num spots
tau = 6;
InputMatrix = EnergyMatrix;
if size(InputMatrix,1) == 1
    Sx =  std(nonzeros(InputMatrix(1,:)))/sqrt(size(nonzeros(InputMatrix),2));
    Ssqrd = Sx^2;
else
    for w = 1:size(InputMatrix,2)
        Sx(w) =  std(nonzeros(InputMatrix(:,w)))/sqrt(size(nonzeros(InputMatrix(:,w)),1));
        
        Ssqrd(w) = Sx(w)^2;
    end
end
S_E = sqrt(sum(Ssqrd));

AveSpot = AveSpotsize;
StdSpots = StdSpotsize;
if NumSpotsize <1
    NumSpots = NumSpotsize*1000;
else
NumSpots = NumSpotsize;
end
S_ss = StdSpots/sqrt(NumSpots);

S_PI = sqrt((PI_delE(AveSpot,tau)*S_E)^2+(PI_delSS(LSP_mean(InputMatrix),AveSpot,tau)*S_ss)^2);
nu_SS = NumSpots -1;
nu_E = length(nonzeros(InputMatrix)) -1;
nu_PI = (((PI_delE(AveSpot,tau)*S_E)^2+(PI_delSS(LSP_mean(InputMatrix),AveSpot,tau)*S_ss)^2)^2)/ (((PI_delE(AveSpot,tau)*S_E)^4)/nu_E +((PI_delSS(LSP_mean(InputMatrix),AveSpot,tau)*S_ss)^4)/nu_SS );
tx = tinv(0.95,nu_PI);
end

function [B_PI] = PI_B(EnergyMatrix, AveSpotsize, B_E, B_ss)
%Four inputs:
% Energy matrix
% Average spot size
% B_E design uncertainty for energy
% Bss Design uncertainty for spot size
% B_E = 0.03938 J
% B_ss = 65 E-6 m
tau = 6;
InputMatrix = EnergyMatrix;
AveSpot = AveSpotsize;
B_PI = sqrt((PI_delE(AveSpot,tau)*B_E)^2+(PI_delSS(LSP_mean(InputMatrix),AveSpot,tau)*B_ss)^2);
end

% Total uncertainty for Power intensity
function [error] = PI_uncert(t_estimatePI,B_PI,S_PI)
%Array inputs of
% t estimate
% total Design Uncertainty for PI
% Total standard uncertainty for PI

for w = 1:size(t_estimatePI,2)
    error(w) =  sqrt(B_PI(w)^2 +(S_PI(w)*t_estimatePI(w))^2);
        %ASME 2018:
   % error(w) =  t_estimatePI(w)*sqrt((B_PI(w))^2 +(S_PI(w))^2);
end
end
%===============================================================================================

%mean without zeros
function [xbar] = LSP_mean(InputMatrix)
xbar = mean(nonzeros((InputMatrix)));
end

%Standard deviation without zeros
function [xstd] = LSP_std(InputMatrix)
xstd = std(nonzeros((InputMatrix)));
end

% standard random uncertainty P
function [S] = LSP_S( InputMatrix)
%varargin
%numargs = nargin
if size(InputMatrix,1) == 1
    Sx =  std(nonzeros(InputMatrix(1,:)))/sqrt(size(nonzeros(InputMatrix),2));
    Psqrd = Sx^2;
else
    for w = 1:size(InputMatrix,2)
        Sx(w) =  std(nonzeros(InputMatrix(:,w)))/sqrt(size(nonzeros(InputMatrix(:,w)),1));
        Psqrd(w) = Sx(w)^2;
    end
end
S = sqrt(sum(Psqrd));
end

% t estimator
function [tx] = LSP_TEstimator(InputMatrix)
% degrees of freedom, nu,  from the Welch-Satterthwaite formula:
if size(InputMatrix,1) == 1
    Sx =   LSP_S(InputMatrix);
    nu_k = size(InputMatrix,2) -1;
else
    for w = 1:size(InputMatrix,2)
        Sx(w) =   LSP_S(InputMatrix(:,w));
        nu_k(w) = size(InputMatrix(:,w),1) -1;
    end 
end
nu = ((sum(Sx.^2))^2)/sum((Sx.^4)./nu_k);
% T-estimate for 95% confidence
tx = tinv(0.95,nu);
end

% Total uncertainty
function [error] = LSP_uncert(InputMatrix,SysUncert)
% Input = [ ave, std. , S, t_esti]
% SysUncert = B 
for w = 1:size(InputMatrix,2)
    %ASME 2005:
  error(w) =  sqrt(SysUncert.^2 +(InputMatrix(3,w)*InputMatrix(4,w)).^2);
    %ASME 2018:
   %  error(w) =  InputMatrix(4,w)*sqrt(SysUncert^2 +(InputMatrix(3,w))^2);

end
end

function [f] = PI_delE(ss,tau)
f = 400/(pi*ss^2*tau);
end

function [f] = PI_delSS(E,ss,tau)
f = -800*E/(pi*ss^3*tau);
end


function [] = LSPScatterplot( numSeparateTests, ShotEnergyCell ,xname,yname,yyname)
%LSPScatterplot plots a scatter of all the cell entries of the ShotEnergy
%variable. It is used as a rough visualisation of the whole dataset. It
%uses two axes, one for the bubble, one for the shock magnitudes.
%   numSeparateTests - the number of first level cells in the ShotEnergy,
%   or how many folders were processed from LSPBatchProcessing
%  ShotEnergyCell - the cell array of all the extracted data points from
%  the TDMS file
%   xname - the name of the x-axis
%   yname - the label of the left y-axis
%   yyname - the name of the right y-axis

%   Nicholas Stiekema 21/05/2021

thisFig1 = figure(1);

left_color = [ 0 0 0];
right_color = [0 0 0]
axisCol =[0, 0, 0];
fontColour = 'k';
fontsizing = 12*1.5;

set(thisFig1,...
    'defaultAxesColorOrder',[left_color; right_color])

hold on
yyaxis left
for r = 1:numSeparateTests
    if iscell(ShotEnergyCell{r,1})
        
        if (string(xname) == "Laser Power Intensity  [$GW/cm^{2}$]") && (size(ShotEnergyCell{r,1},2) >=2) ==1
            X{r,1}{2,1} =   EnergyToPI(ShotEnergyCell{r,1}{2,1},ShotEnergyCell{r,1}{1,2},6);
        else
            X{r,1}{2,1} = ShotEnergyCell{r,1}{2,1};
            
        end
        
        P1{r}  = plot(X{r,1}{2,1},ShotEnergyCell{r,1}{3,1},'go','LineWidth',0.25,'color', [0 0.2 0.9],'MarkerSize',8 ); %bubble Times
    end
end


ylabel({yname},...
    'FontUnits','points',...
    'Color',fontColour,...
    'interpreter','latex',...
    'FontSize',fontsizing,...
    'FontName','Times')


yyaxis right
X =[];
for r = 1:numSeparateTests
    if iscell(ShotEnergyCell{r,1})
        if (string(xname) == "Laser Power Intensity  [$GW/cm^{2}$]") && (size(ShotEnergyCell{r,1},2) >=2) ==1
            X{r,1}{2,1} =   EnergyToPI(ShotEnergyCell{r,1}{2,1},ShotEnergyCell{r,1}{1,2},6);
        else
            X{r,1}{2,1} = ShotEnergyCell{r,1}{2,1};
            
        end
        
        P2{r} = plot(X{r,1}{2,1},ShotEnergyCell{r,1}{4,1},'m^','LineWidth',0.25,'color', [0.95 0 0],'MarkerSize',8 ); %1stshock magnitude
        
    end
end

xlabel({xname},...
    'FontUnits','points',...
    'Color',fontColour,...
    'interpreter','latex',...
    'FontSize',fontsizing,...
    'FontName','Times')


P1{1}(1,1)

ylabel({yyname},...
    'FontUnits','points',...
    'Color',fontColour,...
    'interpreter','latex',...
    'FontSize',fontsizing,...
    'FontName','Times')

% Legend
leg1 = legend([P1{1}(1,1),P2{1}(1,1)],{'Bubble Time','Shockwave Pressure'},'Location','southeast');
set(leg1,'Interpreter','latex','color', 'none');
set(leg1,'FontSize',fontsizing, 'TextColor','k');

hold off


F1 = gcf;

ax =gca;
set(ax,...
    'color', 'w',...
    'Units','normalized',...     
    'Position',[.15 .2 .75 .7],...
    'TickLabelInterpreter','latex',...
    'FontUnits','points',...
    'FontWeight','normal',...
    'FontSize',fontsizing,...
    'XMinorTick','on',...
    'FontName','Times')


%
%
multiplier = 1.5;
eWidth=0.05; %this may need adjusting to fit on page. Check the when PDF is printed.
eHieight=0.05;
lefteWidth = 0.1
Pwidth = 15.*multiplier;
Pheight =11.*multiplier;
width = Pwidth*(1+eWidth);    % Width in centimeters
height = Pheight*(1+eHieight);     % Height in centimeters
set(F1,'PaperUnits', 'centimeters','PaperSize',[Pwidth, Pheight]);
left = -(Pwidth*lefteWidth)/2 ;
bottom = -(Pheight*eHieight)/2;
myfiguresize = [left, bottom, width, height];
set(F1,'PaperPosition', myfiguresize, 'PaperSize',[width, height] );
%
end




% Batch processing script for averaging measurements. 
%   Nicholas Stiekema 21/05/2021

clear % delete all open variables in the workspace
clc  %clear the terminal
close all % close figures that are open
%%
%Note
%It takes 20min to do a whole file with 500 points (empty or not) inside.

%%Intputs from the user
f =0;
beginning = 1; ending = 50; %  <<<<<<<<<<<<<<<<< defining sample of the test data, or how many shots to process in each test
%%
ShotEnergy = {};
plEnergy = 0;
plBubTimes = 0;
plFirstSortedpks =0;
plSeconSortedpks = 0;
%path = 1;
pathname = "";
%ShotEnergy = cell(5,1);
%%
DefaultPath = '/home/nicholas/Documents/Varisty/MScStuff/DAQdata/tank/TubeWaterTest3/1Hz/';
[path] = uigetdir(DefaultPath, 'Select a folder with Parent folders of TDMS data files');
%% Getting The Folders in the directory one folder down

if isequal(path,0)
    disp(['                    ########################################';
        '                    ########  User selected Cancel  ########';
        '                    ########################################']);
    return
else
    Directory = fullfile(path);
end

parentDir = path
files    = dir(parentDir);
names    = {files.name};
%see if there are TDMS files in the folder
l = 1;
% Get a logical vector that tells which is a directory.
dirFlags = [files.isdir] & ~strcmp(names, '.') & ~strcmp(names, '..');
% Extract only those that are directories.
subDirsNames = names(dirFlags);
m =0;

if isempty(dir(fullfile(path,'*.tdms'))) ==0
    pathname = strsplit(genpath(path),':');pathname(end) = [] ;
elseif isempty(dir(fullfile(path,'*.tdms'))) ==1
    pathname = strsplit(genpath(path),':');pathname =pathname(2:end-1);
end

%% READING THE TDMS FILE, populating the ShotEnergy variable
for k = 1 : length(pathname)
    f=f+1
    fileFolder = char(pathname(k)); %fullfile(matlabroot,'toolbox','images','imdata');

    dirOutput = dir(fullfile(fileFolder,'*.tdms'));
    fileNames = {dirOutput.name}'
    ToPlotOrNOt = 0;
    tStart = tic;
    disp(['User selected folder: ', fullfile(fileFolder)  ' with ' num2str(length(fileNames)) ' files']);
    
    %EstimatedEnergy = str2double(answer{1,1});
    if (isempty(fileNames) ~=1 )&& (length(fileNames) ~=0) ==1
        for i = 1:length(fileNames)     
            %fileNames{i,1};
            [BubTimes,LaserEnergy,EstimatedEnergy,nonZeroValue,rawEnergyMeter,SS] = LSP_TDMS(fileFolder,fileNames{i,1},beginning,ending,ToPlotOrNOt);
            nz = find(BubTimes);
            %Selecting only the points that have a bubble in them
            for t =1:length(nz)
                plEnergy(t,i) = LaserEnergy(nz(t));
                plBubTimes(t,i) = BubTimes(nz(t));
                if isempty(nonZeroValue) == 0
                    
                    plFirstSortedpks(t,i) = nonZeroValue(t,1); %putting the first peak magnitude into an array
                    plSeconSortedpks(t,i) = nonZeroValue(t,2); %putting the first peak magnitude into an array
                elseif isempty(nonZeroValue) == 1
                    plFirstSortedpks(t,i) =0; %putting the first peak magnitude into an array
                    plSeconSortedpks(t,i) = 0; %putting the first peak magnitude into an array
                end
            end
            if isempty(nonZeroValue) == 0
                
                %finding the maximum bubble time, converting to micro-seconds
                BubbleTimes(i,1) = max(BubTimes)*1e6;
            elseif isempty(nonZeroValue) == 1
                %making the maximum bubble time zero, converting to micro-seconds
                BubbleTimes(i,1) = 0;
            end
          end
        
        DaysSpotSize = SS;
        if isempty(SS)~= 1
        DaysSpotSize(1,1) = DaysSpotSize(1,1)./1000;
        DaysSpotSize(2,1) = DaysSpotSize(2,1)./1000;
        else
        DaysSpotSize(1,1) = 1; %default spot size of 1mm
        DaysSpotSize(2,1) = 0; %default std.dev of zero
        end
        %filling up the ShotEnergy with theEnergy, bubble time and shock
        %strengths
        ShotEnergy{f,1}{1,2} = DaysSpotSize;
        ShotEnergy{f,1}{1,1} = EstimatedEnergy;% in mJ
        ShotEnergy{f,1}{2,1} = plEnergy; % in J
        ShotEnergy{f,1}{3,1} = plBubTimes; % in s
        ShotEnergy{f,1}{4,1} = plFirstSortedpks; %The Magnitudes of the 1st shock wave peaks in KPa
        ShotEnergy{f,1}{5,1} = plSeconSortedpks; %The Magnitudes of the 2nd shock wave peaks
        FLDR = (split(fileFolder,"/")); FLDR = FLDR(end)
        %[tok,remaning] = strtok(fileFolder,'4')
        ShotEnergy{f,2} = strrep(FLDR, '_', ' ')
        EstimatedEnergy = [0];
        plEnergy = [0];
        plBubTimes = [0];
        plFirstSortedpks = [0];
        plSeconSortedpks = [0];
        %    end
        %[pathname] = uigetdir(pathname, 'Select a folder with TDMS data files');
        %end
        msgg = ['It took ',num2str((toc-tStart)/60), ' min to process that folder \n \n \n']; fprintf(msgg);
    end
    %     %% AutoSaving the ShotEnergy Variable
    %     savingPath = strcat(path,'/','AUTOSAVE_num',num2str(f),'_','BubbleAndShocks.mat')
    %     save(savingPath,'ShotEnergy');
    %     %rawEnergyMeter;
end

%% Obtaining Statistics for ploting
if (exist( 'ShotEnergy', 'var')) == 1
    %Mean and standdard Deviation in the same matrix
    [MeanEnergy, MeanBubTimes, MeanShock1,MeanShock2,MeanBubenergy,MeanPowerIntensity] = LSPStats(ShotEnergy)
    
    for s= 1:size(ShotEnergy,1)
        if iscell(ShotEnergy{s,1})
            NumOfShots(s) = length(nonzeros(ShotEnergy{s,1}{3,1}));
        end
    end
    NumOfShotsmin = min(NumOfShots);
    
    %Making an array with the estimated energies
    testenergies = [];
    for p=1:size(ShotEnergy,1)
        if iscell(ShotEnergy{p,1})
            testenergies = [testenergies; ShotEnergy{p,1}{1,1}];
        end
    end
    
%%%Plotting various plots here%%%

    %% Plotting points of The Bubble time with the First Shockwave on the same plot (Different Y-Axis)
        F1 = figure(1);
        numSeparateTests = size(ShotEnergy,1);
        % LSPScatterplot(numSeparateTests, ShotEnergy, 'Energy [J]','Bubble time [s]','Shock Magnitude [KPa]');
        LSPScatterplot(numSeparateTests, ShotEnergy,'Laser Power Intensity  [$GW/cm^{2}$]','Bubble Lifetime [s]','Shock Magnitude [KPa]');
    
    %% Plotting average of The Bubble time with the First Shockwave on the same plot (Different Y-Axis) with Error bars
    %    F2 = figure(2);
    %     x =  MeanPowerIntensity; xname = 'Laser Power Intensity  [$GW/cm^{2}$]';
    %     % x = MeanEnergy;  xname = 'Laser Beam Energy  [$J$]' ;
    %        yl = MeanBubTimes; yname = 'Bubble time [$s$]';
    %     % yl = MeanBubenergy; yname = 'Bubble Energy [$J$]';
    %     yr = MeanShock1./1000;    % To convert KPa to MPa
    %
    %
    %     yyname = 'Shock Magnitude [$MPa$]'; %
    %     numSeparateTests = size(ShotEnergy,1);
    %
    %     LSPerrorbars(numSeparateTests, x,yl,yr ,xname,yname,yyname);
    
    %% Plotting the diminishing bubble energy with shot number
    %      F3 = figure(3);
    %         % LSPBubbleAndAveshot(ShotEnergy ,MeanBubTimes);
    %          LSPGeomTests( ShotEnergy,MeanBubTimes )
    %     %LSPBubbleAndShot( ShotEnergy );
    %  % LSPBubbleEveryMinute( ShotEnergy )
    %   % bt =  LSPBubbleOffEdge( ShotEnergy )
    %% Saving the ShotEnergy Variable
    savingPath = strcat(path,'/',num2str(NumOfShotsmin),'Num.Shots_',num2str(min(testenergies)),'mJto',num2str(max(testenergies)),'mJ_BubbleShockInfo.mat')
    save(savingPath,'ShotEnergy')
    %% Saving the figure (to be added to a plot function later)
    SaveImage =0;
    if SaveImage == 1
        savingPath = strcat(path,'/',num2str(NumOfShotsmin),'Shots_',num2str(min(testenergies)),'mJto',num2str(max(testenergies)),'mJ_Bubble');
        print(F1, [savingPath,'Scatter','.pdf'],'-dpdf');
        print(F1, [savingPath,'Scatter','.png'],'-dpng','-r400');
        savefig(F1,[savingPath,'scatter','.fig'],'compact');
        %    print(F2, [savingPath,'PIvsBubtimeErrbars','.png'],'-dpng','-r400');
        %    savefig(F2,[savingPath,'PIvsBubtimeErrbars','.fig'],'compact');
        %    print(F2, [savingPath,'PIvsBubtimeErrbars','.pdf'],'-dpdf');
        %print(F3, [savingPath,'AllAveBubtimeVsTest','.png'],'-dpng','-r400');
        %  print(F3, [savingPath,'AllAveBubtimeVsTest','.pdf'],'-dpdf');
        %  savefig(F3,[savingPath,'AllAveBubtimeVsTest','.fig'],'compact');
    end
else  %there is no ShotEnergy variable, it doesn't make sense to do anything
    
    disp('######  There are no files nor processed data to plot  ########');
    return
    
end




function [satX, satY, Coeffs] = PointOfSaturation( x, y, threshold, ToPlotOrNot, colour,FitEquationtype, varargin )
%PointOfSaturation Calculates the points at which the fitted curve obeys a
%saturation definition
%   First the data has a specific curve fitted, then the fitted function is
%   used to calculate when the curve Yaxis will saturate. Saturation is
%   defined as th soonest point where doubling the input value, the output does not change more
%   than threshold percent. Typically threshold = 0.1 .
%   Coeffs is the coefficients of the fitted equation
%   x, y are column vectors
%   threshold is a fraction of 1
%   ToPlotOrNot is either 1 or 0
%   colour is the colour that needs to match the data plot
%   FitEquationtype is currently 1 or 4
%   The first varargin (varargin{1}) is the upper x limit
%   .
%   Nicholas Stiekema 21/05/2021


%Fitting The Curve% --------------------------------------
[xData, yData] = prepareCurveData( x(1,:), y(1,:) );

%% Set up fittype and options. Multiple fits feasible.
if FitEquationtype == 1
    ft = fittype( '(a*x)/(b+x)', 'independent', 'x', 'dependent', 'y' );
    opts = fitoptions( 'Method', 'NonlinearLeastSquares' );
    opts.Display = 'Off';
    opts.StartPoint = [1 1];
    % Fit model to data.
    [fitresult, ~] = fit( xData, yData, ft, opts );
    coeffsvals = coeffvalues(fitresult);
    a = coeffsvals(1,1);
    b = coeffsvals(1,2);
    coeffstr(1,:) = {char(strcat("a =    ",num2str(a))),char(strcat("b =    ",num2str(b)))};
    
elseif FitEquationtype ==2
    ft = fittype( 'a*(1- exp(-b*x))', 'independent', 'x', 'dependent', 'y' );
    opts = fitoptions( 'Method', 'NonlinearLeastSquares' );
    opts.Display = 'Off';
    opts.StartPoint = [1 1];
    % Fit model to data.
    [fitresult, ~] = fit( xData, yData, ft, opts );
    coeffsvals = coeffvalues(fitresult);
    a = coeffsvals(1,1);
    b = coeffsvals(1,2);
elseif FitEquationtype ==3
    
    ft = fittype( 'a*(1- exp(-b*x^c))', 'independent', 'x', 'dependent', 'y' );
    opts = fitoptions( 'Method', 'NonlinearLeastSquares' );
    opts.Display = 'Off';
    opts.StartPoint = [1 1 1];
    % Fit model to data.
    [fitresult, ~] = fit( xData, yData, ft, opts );
    coeffsvals = coeffvalues(fitresult);
    a = coeffsvals(1,1);
    b = coeffsvals(1,2);
    c = coeffsvals(1,3);
elseif FitEquationtype ==4
    
    ft = fittype( 'a*exp(b*x) + c*exp(d*x)', 'independent', 'x', 'dependent', 'y' );
    opts = fitoptions( 'Method', 'NonlinearLeastSquares' );
    opts.Display = 'Off';
    opts.StartPoint = [0.00134706861726089 0.001641 -0.001022 -0.3461];
    % Fit model to data.
    [fitresult, ~] = fit( xData, yData, ft, opts );
    coeffsvals = coeffvalues(fitresult);
    a = coeffsvals(1,1);
    b = coeffsvals(1,2);
    c = coeffsvals(1,3);
    d = coeffsvals(1,4);
    coeffstr(1,:) = {char(strcat("a =    ",num2str(a))),char(strcat("b =    ",num2str(b))),char(strcat("c =    ",num2str(c))),char(strcat("d =    ",num2str(d)))};
    
end



%% Plot fit with data.
if ToPlotOrNot==1
    h = plot( fitresult,'--');
    h.Color  = colour;
end
%% %The X data set for saturation
Xlim(1) = 1.0;
if length(varargin) >=1
Xlim(2) = varargin{1}; %max(h.XData)
else
Xlim(2) = 20; %max(h.XData)
end
maxlim = Xlim(2);
%Y = h.YData;
X = Xlim(1):0.01:Xlim(2);
for ii =1:length(X)
    
    % Type of fit selected:
    if FitEquationtype ==1
        currentY = (a*X(ii))/(b+X(ii));
        futureY = (a*(X(ii)*2))/(b+(X(ii)*2));
    elseif FitEquationtype ==2 % other Equations options go here
    elseif FitEquationtype ==3 % other Equations options go here
    elseif FitEquationtype ==4
        currentY = a*exp(b*X(ii)) + c*exp(d*X(ii));
        futureY = a*exp(b*X(ii)*2) + c*exp(d*X(ii)*2);
    end
    
    if futureY <= currentY*(1+threshold) % When the new Y value is within the threshold of the starting Y, saturation has occured.
        satY =currentY;
        satX = X(ii);
        break
    else
        satY =currentY;
        satX = X(ii);
        if satX == X(end)
            
            dispstring = ['Data range for saturation exceeded'];
            disp(dispstring);
        end
    end
    
end

%  --------------TextAnnotation Box -------------------------------->
%Text box text
if  size(findall(gcf,'Type','TextBox'),1) ==0
    if maxlim == 20
        TexMaxstr = {};
    elseif maxlim < 20
        TexMaxstr = char(strcat("Max saturation: ",num2str(maxlim)," $GW/cm^{2}$"));
    end
        
    
    if FitEquationtype ==4
        %Textboxstr = {'$ f(x) = a e^{bx} + c e^{dx} $';coeffstr{1,1};coeffstr{1,2};coeffstr{1,3};coeffstr{1,4}}
        Textboxstr = {'Fit: ~$ f(x) = a e^{bx} + c e^{dx} $';char(strcat("Saturation threshold: ",num2str(threshold*100),"\%"));TexMaxstr};
        
    elseif FitEquationtype ==1
        %Textboxstr = {'$ f(x) = (a*x)/(b+x) $';coeffstr{1,1};coeffstr{1,2};}
        Textboxstr = {'Fit: ~$ f(x) = \frac{(ax)}{(b+x)} $';char(strcat("Saturation threshold: ",num2str(threshold*100),"\%"));TexMaxstr};
        
        
    end
    
    % Create textbox
    %finding position after it was plotted (not reliable during multiple plots so just do this seperately)
    heightOfTextbox = size(Textboxstr,1)*0.039;
    currentlegend = findall(gcf,'Type','Legend'); 
    TextBoxPosition = currentlegend.Position;
 %[0.5509928571428571 0.37 0.4 0.19761904761905]
    
    annotation(gcf,'textbox',...
         [0.5509928571428571 0.4 0.4 0.19761904761905],...
        'String',Textboxstr,...
        'LineStyle','none',...
        'Interpreter','latex',...
        'FitBoxToText','off','FontSize',12);
    
end
%  --------------TextAnnotation Box --------------------------------<

%  --------------Saturation Dots  -------------------------------->
if FitEquationtype ==1
    Coeffs = coeffsvals;
    %analytical = -Coeffs(1,2)/(1-Coeffs(1,2))
    analyticalx = Coeffs(1,2)*4.5;
    analyticaly = (a*analyticalx)/(b+analyticalx);
    p = plot(analyticalx,analyticaly ,'r.','markersize',9);
elseif FitEquationtype ==4
    Coeffs = coeffsvals;
end
%  --------------Saturation Dots  --------------------------------<

end




    %% Section for Calculating the Total Uncertainty of a bubble time
% the larger bubble energy equation is perturbated by each contributing
% individual uncertainty. The perturbations are averaged and squared sum
% taken to form the total uncertainty of bubble energy.
% Nicholas Stiekema 23/02/2021

clear
%close all


ProlongationFactor  = 1.146; % the effect of the wall on the bubble time as compared to perfectly spherical bubbles

EachUncertainty = []; 
% Setpoints, or the values that are kept constant when not being perturbed.
BubTime =  1.0000e-03;
tau_velocity = 1.0000e-03;
tau_peak =  1.0000e-03;
tau_movement = 1.0000e-03;
rho_temp = 998.2;
Pv_temp = 2330;
P0_day = 87000;

%SetPoints(1,:)= [BubTime, tau_velocity ,tau_peak,tau_movement ,rho_temp,Pv_temp,P0_day];

% UNcertainties; determined by changing the conditions 20 to 30 degrees C
% , by shifting transducer by 20 mm, and through inspection of the
% variation in measurements.
u_velocity = (20e-3)/(1481*0.5) -(20e-3)/(1481);% 1.35e-05;  % difference of arrival times between two "shocks" M0.5 and M1
u_peak = 6.00e-07*2;
%u_movement = (0.0310493396453178e-3*10)/1481; %for non conservative movement
u_movement =  1.35e-05;
u_rho = 2.5579;
u_Pv = 1907.7;
u_day = 2056.27555054885;
EachUncertainty(1,:)= [u_velocity,u_peak,u_movement,u_rho ,u_Pv ,u_day ];

bb =1;
for  BubTime = 0:1e-4:1.5e-3
%for  BubTime = 1e-3
R_iplus= []; R_iminus= []; delR_iplus= []; delR_iminus= []; delR_i= []; delR_iSquared = [];
    
% Original bubble energy, at the setpoint conditions
BubEnergy =   ( (P0_day - Pv_temp).^2.5 )/( (1.43031.^3) *rho_temp.^1.5 ) *((BubTime./ProlongationFactor).^3);

% Perturbing the Bubble energy by plus and minus each of the individual uncertainties
R_iplus(1,1)  =  ( (P0_day - Pv_temp).^2.5 )/( (1.43031.^3) *rho_temp.^1.5 ) *(((BubTime+u_velocity)./ProlongationFactor).^3);
R_iminus(1,1) =  ( (P0_day - Pv_temp).^2.5 )/( (1.43031.^3) *rho_temp.^1.5 ) *(((BubTime-u_velocity)./ProlongationFactor).^3);

R_iplus(1,2)  =  ( (P0_day - Pv_temp).^2.5 )/( (1.43031.^3) *rho_temp.^1.5 ) *(((BubTime+u_peak)./ProlongationFactor).^3);
R_iminus(1,2) =  ( (P0_day - Pv_temp).^2.5 )/( (1.43031.^3) *rho_temp.^1.5 ) *(((BubTime-u_peak)./ProlongationFactor).^3);

R_iplus(1,3)  =  ( (P0_day - Pv_temp).^2.5 )/( (1.43031.^3) *rho_temp.^1.5 ) *(((BubTime+u_movement)./ProlongationFactor).^3);
R_iminus(1,3) =  ( (P0_day - Pv_temp).^2.5 )/( (1.43031.^3) *rho_temp.^1.5 ) *(((BubTime-u_movement)./ProlongationFactor).^3);

R_iplus(1,4)  =  ( (P0_day - Pv_temp).^2.5 )/( (1.43031.^3) *(rho_temp+u_rho).^1.5 ) *(((BubTime)./ProlongationFactor).^3);
R_iminus(1,4)  =  ( (P0_day - Pv_temp).^2.5 )/( (1.43031.^3) *(rho_temp-u_rho).^1.5 ) *(((BubTime)./ProlongationFactor).^3);

R_iplus(1,5)  =  ( (P0_day - (Pv_temp+u_Pv)).^2.5 )/( (1.43031.^3) *(rho_temp).^1.5 ) *(((BubTime)./ProlongationFactor).^3);
R_iminus(1,5)  =  ( (P0_day - (Pv_temp-u_Pv)).^2.5 )/( (1.43031.^3) *(rho_temp).^1.5 ) *(((BubTime)./ProlongationFactor).^3);

R_iplus(1,6)  =  ( (P0_day+u_day - Pv_temp).^2.5 )/( (1.43031.^3) *(rho_temp).^1.5 ) *(((BubTime)./ProlongationFactor).^3);
R_iminus(1,6)  =  ( (P0_day-u_day - Pv_temp).^2.5 )/( (1.43031.^3) *(rho_temp).^1.5 ) *(((BubTime)./ProlongationFactor).^3);

for q = 1:size(R_iplus,2)
delR_iplus(1,q) = R_iplus(1,q) - BubEnergy;
delR_iminus(1,q) = R_iminus(1,q) - BubEnergy;
delR_i(1,q)  = (delR_iplus(1,q) - delR_iminus(1,q))/2;
end
delR_iSquared =  delR_i.^2;

% The  total uncertainty is the root of the sum of each uncertainty squared
ur_i(bb) = sqrt(sum(delR_iSquared));
Bubtimes(bb) = BubTime;
Bubenergies(bb) = BubEnergy;
%Just the time uncertainties
Time_ur_i(bb) = sqrt(sum(delR_iSquared(1,1:3)));
bb=bb+1;
end
% Converted to mJ and ms for plot:
x2 = Bubenergies.*1000; Xname2 = {'Bubble Energy [mJ]'};

x1 = Bubtimes.*1000; Xname1 = {'Bubble Lifetime [ms]'};
y = ur_i.*1000; Yname = {'Bubble Energy Uncertainy [mJ]'};
y2 = Time_ur_i.*1000; Yname3 = {'Bubble Lifetime Uncertainy [ms]'};

% Original values:
%x = Bubtimes; Xname = {'Bubble Lifetime [s]'};
%y = ur_i; Yname = {'Bubble Energy Uncertainy [J]'};

%% Plotting the Graph
bgColour = 'w';
fontColour = 'k';
% plotColour ='flat';
SaveBG = 'on';
axisCol =[0, 0, 0];
TheTitle = '';

fig1 = figure(1);
hold on ;
plot(x1,y,'-o')

ylabel(Yname,...
    'FontUnits','points',...
    'Color',fontColour,...
    'interpreter','latex',...
    'FontSize',12,...
    'FontName','Times')
xlabel(Xname1,...
    'Color',fontColour,...
    'interpreter','latex',...
    'FontUnits','points',...
    'FontWeight','normal',...
    'FontSize',12,...
    'FontName','Times')
ax(1) =gca;

set(ax(1),...
    'color', bgColour,...
    'Units','normalized',...                 % Didn't Work: 'format','%.3f',... %'YTick','auto',...
    'Position',[.15 .2 .75 .7],...
    'TickLabelInterpreter','latex',...
    'FontUnits','points',...
    'FontWeight','normal',...
    'XMinorTick','on','YMinorTick','on',...
    'XGrid','on', 'YMinorGrid','on',...
    'FontSize',12,...
    'XColor', axisCol,...
    'YColor', axisCol,...
    'FontName','Times','box', 'on')
eWidth=0.1; %this may need adjusting to fit on page. Check the when PDF is printed.
eHieight=0.1;
Pwidth = 15;
Pheight =11;
width = Pwidth*(1+eWidth);    % Width in centimeters
height = Pheight*(1+eHieight);     % Height in centimeters
set(fig1,'PaperUnits', 'centimeters','PaperSize',[Pwidth, Pheight]);
left = -(Pwidth*eWidth)/2 ;
bottom = -(Pheight*eHieight)/2;
myfiguresize = [left, bottom, width, height];
set(fig1,'PaperPosition', myfiguresize);


hold off;

fig2 = figure(2);
hold on ;
plot(x2,y,'-o');fig2 = figure(2);
hold on ;
plot(x2,y,'-o');

ylabel(Yname,...
    'FontUnits','points',...
    'Color',fontColour,...
    'interpreter','latex',...
    'FontSize',12,...
    'FontName','Times')
xlabel(Xname2,...
    'Color',fontColour,...
    'interpreter','latex',...
    'FontUnits','points',...
    'FontWeight','normal',...
    'FontSize',12,...
    'FontName','Times')
ax(2) =gca;
set(ax(2),...
    'color', bgColour,...
    'Units','normalized',...                 % Didn't Work: 'format','%.3f',... %'YTick','auto',...
    'Position',[.15 .2 .75 .7],...
    'TickLabelInterpreter','latex',...
    'FontUnits','points',...
    'FontWeight','normal',...
    'XMinorTick','on','YMinorTick','on',...
    'XGrid','on', 'YMinorGrid','on',...
    'FontSize',12,...
    'XColor', axisCol,...
    'YColor', axisCol,...
    'FontName','Times','box', 'on')


eWidth=0.1; %this may need adjusting to fit on page. Check the when PDF is printed.
eHieight=0.1;
Pwidth = 15;
Pheight =11;
width = Pwidth*(1+eWidth);    % Width in centimeters
height = Pheight*(1+eHieight);     % Height in centimeters
set(fig2,'PaperUnits', 'centimeters','PaperSize',[Pwidth, Pheight]);
left = -(Pwidth*eWidth)/2 ;
bottom = -(Pheight*eHieight)/2;
myfiguresize = [left, bottom, width, height];
set(fig2,'PaperPosition', myfiguresize);
hold off;

ylabel(Yname,...
    'FontUnits','points',...
    'Color',fontColour,...
    'interpreter','latex',...
    'FontSize',12,...
    'FontName','Times')
xlabel(Xname2,...
    'Color',fontColour,...
    'interpreter','latex',...
    'FontUnits','points',...
    'FontWeight','normal',...
    'FontSize',12,...
    'FontName','Times')
ax(2) =gca;
set(ax(2),...
    'color', bgColour,...
    'Units','normalized',...                 % Didn't Work: 'format','%.3f',... %'YTick','auto',...
    'Position',[.15 .2 .75 .7],...
    'TickLabelInterpreter','latex',...
    'FontUnits','points',...
    'FontWeight','normal',...
    'XMinorTick','on','YMinorTick','on',...
    'XGrid','on', 'YMinorGrid','on',...
    'FontSize',12,...
    'XColor', axisCol,...
    'YColor', axisCol,...
    'FontName','Times','box', 'on')


eWidth=0.1; %this may need adjusting to fit on page. Check the when PDF is printed.
eHieight=0.1;
Pwidth = 15;
Pheight =11;
width = Pwidth*(1+eWidth);    % Width in centimeters
height = Pheight*(1+eHieight);     % Height in centimeters
set(fig2,'PaperUnits', 'centimeters','PaperSize',[Pwidth, Pheight]);
left = -(Pwidth*eWidth)/2 ;
bottom = -(Pheight*eHieight)/2;
myfiguresize = [left, bottom, width, height];
set(fig2,'PaperPosition', myfiguresize);
hold off;


% fig3 = figure(3);
% hold on ;
% plot(x1,y2,'-o');
% 
% ylabel(Yname3,...
%     'FontUnits','points',...
%     'Color',fontColour,...
%     'interpreter','latex',...
%     'FontSize',12,...
%     'FontName','Times')
% xlabel(Xname1,...
%     'Color',fontColour,...
%     'interpreter','latex',...
%     'FontUnits','points',...
%     'FontWeight','normal',...
%     'FontSize',12,...
%     'FontName','Times')
% ax(2) =gca;
% set(ax(2),...
%     'color', bgColour,...
%     'Units','normalized',...                 % Didn't Work: 'format','%.3f',... %'YTick','auto',...
%     'Position',[.15 .2 .75 .7],...
%     'TickLabelInterpreter','latex',...
%     'FontUnits','points',...
%     'FontWeight','normal',...
%     'XMinorTick','on','YMinorTick','on',...
%     'XGrid','on', 'YMinorGrid','on',...
%     'FontSize',12,...
%     'XColor', axisCol,...
%     'YColor', axisCol,...
%     'FontName','Times','box', 'on')
% 
% 
% eWidth=0.1; %this may need adjusting to fit on page. Check the when PDF is printed.
% eHieight=0.1;
% Pwidth = 15;
% Pheight =11;
% width = Pwidth*(1+eWidth);    % Width in centimeters
% height = Pheight*(1+eHieight);     % Height in centimeters
% set(fig3,'PaperUnits', 'centimeters','PaperSize',[Pwidth, Pheight]);
% left = -(Pwidth*eWidth)/2 ;
% bottom = -(Pheight*eHieight)/2;
% myfiguresize = [left, bottom, width, height];
% set(fig3,'PaperPosition', myfiguresize);
% hold off;


%% Formating and Sizing Figure

% 
%set(gca,'InvertHardcopy','on');
eWidth=0.1; %this may need adjusting to fit on page. Check the when PDF is printed.
eHieight=0.1;
Pwidth = 15;
Pheight =11;
width = Pwidth*(1+eWidth);    % Width in centimeters
height = Pheight*(1+eHieight);     % Height in centimeters
set(fig1,'PaperUnits', 'centimeters','PaperSize',[Pwidth, Pheight]);
left = -(Pwidth*eWidth)/2 ;
bottom = -(Pheight*eHieight)/2;
myfiguresize = [left, bottom, width, height];
set(fig1,'PaperPosition', myfiguresize);
set(fig2,'PaperPosition', myfiguresize);
% 
% printing image
DefaultPath = '/home/nicholas/Documents/MATLAB/Masters/MatlabTDMSProcessing/Year_2020/SpecificPlots/PerturbationUncertainty/';
savingPath = DefaultPath;
%[path] = uigetdir(DefaultPath, 'Select a folder to save image files');
%savingPath = strcat(path);
% 
% print(figure(2), [savingPath,'PerturbationUncertaintyBubE2','.png'],'-dpng','-r400');
% print(figure(2), [savingPath ,'PerturbationUncertaintyBubE2','.pdf'],'-dpdf');
% savefig(figure(2),[savingPath, 'PerturbationUncertaintyBubE2','.fig'],'compact');
% 
% print(figure(1), [savingPath,'PerturbationUncertainty2','.png'],'-dpng','-r400');
% print(figure(1), [savingPath ,'PerturbationUncertainty2','.pdf'],'-dpdf');
% savefig(figure(1),[savingPath, 'PerturbationUncertainty2','.fig'],'compact');


%%
% [fitresult, gof] = createFitOf(x1, y)
% [fitresult2, gof2] = createFitOf(x1, y2)

% a = fitresult.p1


function [fitresult, gof] = createFitOf(x1, y)
%CREATEFIT(X1,Y)
%  Create a fit.
%
%  Data for 'untitled fit 1' fit:
%      X Input : x1
%      Y Output: y
%  Output:
%      fitresult : a fit object representing the fit.
%      gof : structure with goodness-of fit info.
%
%  See also FIT, CFIT, SFIT.

%  Auto-generated by MATLAB on 26-Jan-2021 10:01:30


%% Fit: 'untitled fit 1'.
[xData, yData] = prepareCurveData( x1, y );

% Set up fittype and options.
ft = fittype( 'poly3' );

% Fit model to data.
[fitresult, gof] = fit( xData, yData, ft );

% Create a figure for the plots.
figure( 'Name', 'untitled fit 1' );

% Plot fit with data.
subplot( 2, 1, 1 );
h = plot( fitresult, xData, yData );
legend( h, 'y vs. x1', 'untitled fit 1', 'Location', 'NorthEast' );
% Label axes
xlabel x1
ylabel y
grid on

% Plot residuals.
subplot( 2, 1, 2 );
h = plot( fitresult, xData, yData, 'residuals' );
legend( h, 'untitled fit 1 - residuals', 'Zero Line', 'Location', 'NorthEast' );
% Label axes
xlabel x1
ylabel y
grid on

end





A.5 Laser SOP

The laser start up SOP is:

1. Ensure that the lab is safe to operate the laser through mini risk assessment. Obtain

permission to start the laser while informing all nearby individuals.

2. Obtain the necessary Personal Protection Equipment (PPE); laser grade goggles at the

required Optical Density (OD) at the laser frequency.

3. Switch on the water chiller, establish that the coolant water is flowing into and out of

the laser power supply.

4. Ensure that the door to the laser lab is closed. Double check PPE, do not remove until

the laser is unplugged.

5. Switch on the laser warning light outside the lab.

6. Turn on the power to the laser at the wall socket.

7. Ensure that the laser energy meter/application is running and that the control computer

is connected to the laser via USB cable.

8. Turn on the laser control laptop computer.

9. On the laser power supply, turn on the front key switch, and the rear power switch.

10. Test the functionality of the beam shutter.

11. Open the Thales laser operating software on the Laptop.

12. Click the run button. Wait and watch for errors.

13. If start up was successful, open the stepper motor application, reload settings from flash

ensuring that doesn’t move quicker than 400 steps per interval.

14. Block the beam path with closed beam shutter.

15. Set the pulse repetition rate divisor in the application.

16. Open the lasing shutter from the application.

17. Observe the output energy on the energy meter.

18. Adjust attenuator stepper motors until the desired energy output is obtained.
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19. Allow at least 30 minutes for the laser to warm up.

20. Open and close the beam shutter to use laser in an experiment.

The shut down standard operating procedure:

1. Before shutdown, reduce output energy with the attenuator to less than 10mJ at 1 Hz.

2. Close the lasing shutter.

3. Stop laser on the application.

4. Shut off power on the power supply rear switch, then front switch.

5. Close the Thales laser and stepper motor software on the laptop.

6. Shut off water chiller.

7. Turn off computers and warning light.

8. Turn off and unplug the laser at the wall socket to avoid damage from overnight power

surges.

9. Remove PPE.

If there are any errors or abnormalities during start up, the laser is shut down and the start

up procedure is repeated. If the laser fails to start up a second time, the test is aborted.

If the laser loses connection with the computer while running, every effort to shut down the

laser within software is taken before cutting the power to the power supply.
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