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Abstract

The accuratequantificationof ultrasoundields generatedby diaghosticandtherapeutidransducerss
critical for patientsafety.This requireshydrophonesalibratedto a traceablenationalmeasurement
standardover the full rangeof frequenciesused.At presentthe uppercalibrationfrequencyrange
availableto the usercommunityis limited to a frequencyof 60 MHz. However thereis often content
at frequenciesigherthanthis, e.g.,throughnonlinearpropagatiorof high-amplitudepulsesor tone
burstsfor therapeuti@applicationsandtheincreasinguseof higherfrequenciesn diagnostiamaging.
To reducethe uncertaintiesand extendthe calibrationsto higher frequencies a sourceof high-
pressureplanewave and broadbandultrasoundfields is required.This is not possiblewith current
piezoelectric transducertechnology, therefore lasergeneratedultrasound is investigatedas an
alternative.This consistsof an ultrasoundwave generatedy the pulsedlaserexcitationof a thin,
planar,layer of light absorbingcarbonpolymernarocompositematerials.The work describedn this
thesis can be divided into three parts. The first part consistedof the fabrication of various
nanocomposite orderto study the effect of different polymertypes compositethickness,laser
fluence,andconcentratiorof carbonnanotubespn the ultrasoundgeneratedaswell astheir stability.
This included an investigation into the nonlinear propagation of MPa range lasergenerated
ultrasoundandthe effect of the bandlimitedhydrophonaesponseusinga numericalwavesolver (k-
Wave). In the secondpart, the effectson the signal of acousticallyreflective and matchedbackings
(the substrate®nto which the nanocompositevas coated)were studied.lt wasfound experimentally
thatthe backingmaterialcansignificantly affectthe pressuremplitudewhenthe durationof thelaser
pulseis longerthanthe acoustidransittime acrosghe thin nanocompositéayer. An analyticalmodel
wasdevelopedo describehow the sighalgeneratediependson the backingmaterial,absorbingayer
thickness,and laser pulse duration. The model agreedwell with measurementperformedwith a
variablepulsedurationfibre-laser.Finally, in the third part,a lasergeneratedplanewave,broadband
ultrasoundsourcedevicesuperficiallyresemblinga standardhiezoelectrigistonsourcewasdesigned,
fabricated,and tested. The sourceproducedquastunipolar pressuregpulse of 9 MPa peakpositive
pressurewith a bandwidthof 100MHz, and the ultrasoundbeamis sufficiently planarto reduce

uncertaintieglueto diffraction to negligiblelevelsfor hydrophonesipto 0.6 mmin diameter






ImpactStatement

In this thesis,a lasergeneratedplanewave,broadbandiltrasoundsourcedevicehasbeendeveloped,
which will be usedto calibrate medical hydrophonesat the National Physical Laboratoryi the
National Measurementnstitute of U.K. The lasergeneratedultrasoundsourcehas beendeveloped
with the aim to overcome the shortcomingsof piezoelectrictransducers and thereby expand
hydrophonecalibrationsbeyondthe currentupperlimit of 60 MHz to as high as 100MHz. First, at
the highestlevel, the impact of this researchon end usersof hydrophonessuchas medical device
manufacturersaand academicresearcherswill be the availability of accuratecalibrationsto higher
frequencies.Diagnostic imaging device manufacturers gspecially those operatingwith a centre
frequencyin the 4 0 MHX range,have beendemandingaccessto calibration frequenciesup to
100MHz and beyond. The availability of higher calibration frequencies will allow these
manufacturerso assesshe performanceandsafetyof their devicesmoreaccurately Secondly when
performing hydrophonecalibration, the uncertaintydue to spatial averagingerrorsis one of the
highestcontributionsin the uncertaintybudget,currently 7% at 60 MHz in a focusedfield. In alaser
generatediltrasoundbeamthe error is lessthan 1% at all frequenciesTherefore,it is estimatedhat
the overall calibrationuncertaintywill reducefrom 15% (expressedt 95% coverageprobability) at
60 MHz to 10%. The reduceduncertaintymay benefit the medical device manufacturersn the
following way. Manufacturer®f diagnosticultrasoundmagingdevicesmustlimit the acousticoutput
power to within the specified safe limits by consideringthe upper uncertainty bound of the
hydrophonecalibrationdata.lf the uncertaintyon the hydrophonecalibrationis reducedthenthis will
allow the manufacturerso usehigheracousticpowersleadingto improvedimagequality while still
operatingwithin the safelimits.

Historically, researchersworking on carbonpolymer type nanocompositeshave been
predominantlyfocusedon increasinghe concentratiorof nanocomposites the polymerto maximise
light absorption.With everything else held constant,this leads to increasedacoustic pressure.
However, through nonlinear propagation,this pressurepulse can steepenover a relatively short
propagationdistanceof 1 mm. The experimentalobservationson this describedn this thesiswere
confirmedwith simulationsusinga numericalmodel.

Theothereffectof increasedpticalabsorptioris thatthe depthof light penetratiordecreases
and consequentlyhe durationof the laserpulsemustalsodecreaseo ensurethe stressconfinement
time is satisfiedi.e., the acoustictransittime acrosshe optical absorptionrdepthmustbe greaterthan

the laser pulse duration. It was found experimentallythat when the duration of the laser pulseis



longerthanthe stressconfinementime, thereis a significantincreasen the ultrasoundoressurdrom
a nanocompositesourcebackedon an acousticallyhard materialrelative to a sourcebackedon an
acousticallymatchedmaterial. The experimentsarriedout usingvariouslaserpulseswhich spanned
from stressconfinedto unconfineddurationswas also validatedwith an analytical,and numerical
models.The abovetwo effectshavenot beenstudiedbeforeandit is expectedhat future researchers
working on laserultrasoundrom nanocompositearelikely to considerthe consequencef increased

opticalabsorptiorandsourcebackingmaterialin theirintendedapplicationof thenanocomposites.



Acknowledgenents

Firstandforemost,| would like to sincerelythankmy principal supervisoBen Cox for his continual
supportthroughoutmy PhD. His passionfor continuouslearning,patience unbiasedand inquisitive
naturewastruly inspiring,andit keptme on my toesoverthe lastfive years.| amalsogratefulfor his
manysupervisoryvisits hemadeto my placeof work, the NationalPhysicalLaboratory(NPL).

I am indebtedto my former colleague,Toby Sainsburyof Materials group at NPL who
trainedme on the preparationof nanocompositeand providedunfetteredaccesdo his lab. Without
suchfreedomthis work would havebeenfar moredifficult to completel alsothanktheformergroup
leader,TamarynShearfor facilitating ameetingwith Toby.

| would alsolike to thankmy secondsupervisoBradley Treebyfor helpful discussionand
his continualsupportthroughoutmy PhD.

| would also like to sincerely thank Bajram Zeqiri, scienceleader of Ultrasound and
UnderwaterAcoustics (UUA) group at NPL, who supportedmy wish and soughtthe necessary
approvaldo takeup thedoctoralstudieswith UCL.

| am thankful to former UUA operationalgroup leadersSusanDowson, PeteTheobald,
StuartKitney, andcurrentgroupleaderAlice Harling for allowing meto flexibly manageboth work
andthe PhD.| amalsothankfulto lan Severnheadof capabilityat NPL for his enthusiasticsupport
andapprovalfor startingmy PhD.

My deepesgratitudeto Geoff Stammersheadof EngineeringServicesand Michael Parfitt,
Keith Burgonand Paul Stevensvho alwaysaccommodatedny manyrequestdo makepartsfor the
experimentasetupat shortnotice,andfor their helpin refining my sourcedesignandits fabrication.

| am thankful to ThomasAllen of UCLG Photoacoustidmaging Group for his help with
settingup the experimento investigatethe effect of sourcebackingusinghis variablepulseduration
fibre-laser.

| amalsothankfulto my colleaguest NPL, Chris Fury for his helpwith LabVIEW programs
for controlling the motorisedstagesfor the automatedfield scanningsoftware, Piero Miloro for
providing the hydrophonesand their calibrations, Christian Baker for hydrophone directivity
measurements,Mark Hodnett for writing the reference letter for my PhD application,
StepherRobinsonfor discussionon acousteoptic correctionsMaria Lodeiro and Tony Maxwell of

the Materialsgroupfor opticalthicknesameasurementsf the nanocomposites.



10

| am alsothankful to Andrew Hurrell, my former colleague anda friend and Paul Morris of
PrecisionAcoustics Ltd, who provided the sourcecode of their UltrasoundMeasuremenSystem
softwareto helpsetupthe automatedcanningsystem.

| also thank membersof the UCL& Photoacousticimaging Group Adrien Desjardins,
SachaNoimark, Erwin Alles and Richard Colchesterfor useful discussionson nanocomposite
preparatiorat the beginningof my PhD.

The UK Departmentfor Business,Energy & Industrial Strategys funding of the National
Measuremen8ystemis gratefully acknowledgedhroughwhich this PhDwasfunded.

Finally, my family, my motherwho hasalwaysencouragedny educationapursuitsandhas
beena sourceof inspirationthroughoutmy life. My late fatherwould havebeenimmenselyproudto
seebothmeandmy sisterfor thelives we havemadefor ourselvesl amalsothankfulandindebtedto
my sisterandbrotherin-law for the love andcarethey havegivenme overthe years.| amalsolucky
to havethe love andaffectionof my little nephewhavingbeeninspiredby my work wantsto become

aMarinebiologist!



Contents

1

1] o o 11 ox 1o o PSP 27
0 A Y/ o] 1)Y= 1 o o PSP 27
00 0 R o ) Y/o [ £0] o] [0 0 1= PSSR P PP PRPPR 30
1.1.2  Hydrophone Calibration Methods.............ccocuiiiiiieeeiieeeeee e 35
1.1.3  Spatial Averaging and Directional Response..............cccccvveeeevveeeeeennn.. . 46
1.2  Challenges witlHigh-frequency Calibration.............ccccouiiiiimmmniiiiiieee e 50
1.3 PrOJECE GOAL.....cci ittt 51
1.4 List Of PUBNCALIONS.....cccoi oo rene e e e e e e e e e e e e e e e e e e e e e e e enennnnnnns 52
Background to Laser-Generated URIaSOUNG.............coceeiiiiiiiiiimmmiiiiiiiieee e e eeeeees 53
2.1  Principles of LasefGenerated UIrasound..............oooiuuviiimemiieniiieeeeeeeessiieeeeeseeee 53
P N R V1Y oY o [ = L o] o F 56
2.1.2  ThermalConfinemMeNt..........cciiiiiiiiiie e 57
2.1.3  Stress CONfINEMENL........ccoiiiiiiiiiiiie e 57
2.1.4  Initial Value Problem............oooiiiiiiiii e 59
2.2 Sources of LaseGenerated UIrasouNd............oooiuuviiiiiieeeeieeee e 59
2 R Y/ 1 = | PSPPI 59
2.2.2  NANOCOMPOSITES.....cciiiieiiiiiiii i i e ettt nrrr e e e e e eeeeaaaaaaaeaeaaeeen 61
2.2.3  Performance COMPAariSON........ccceiieiiieiiiiiiceeeeeeeeeeeeeeveeesresrrrreree e e eeaaeeaeesd 65
2.3 LGUS SOUICe CharaCteriStiCS.......ceeetiiiuirriieiineeriieeeeeeeeesssssiteeeeeenesseeeeeeaeeeesennnnnneees 67
2.4 TRESIS CONEML. .. .uuuueeiiiiieiees e e e et ettt e et e e et eeeaeees s s as s s e e e e e aaeesseeeseessmensessnnnsennnnned 68
INITIAI SOUICE DESIGN. ...ttt ne e e e e e e e s en e en e s 70
G 700 R 111 0 T U Tod 1] o U 70
T2 S 1o 10 [ (oT =T = o ox= 11T o SRRy 4 O
3.2.1  Blade Film APPlCALOL.........cociiiiiiiiieie e 71
3.2.2  CPN TSt SOUICES .. uuiiiiiiiieiiiiiie e e teees e e e ettt s e e e e e e eernmeeeeeaatn s s e e eaeeernens 74
3.2.3  Spectrophotometer MeasUr€MENTS.........uuruuuriurriiimnneeeeeeaeeieerreeeeeeeeeesieans 75
3.3  Experimental CPN TeSt ProCEAUIE...........ccuuiiiiiiiii et 78
331 TNE TESE SEIUP. ..ttt eeer et e e e e e aeas 78
3.3.2  LASEIFIUBNCE. ... a e e e e e anan 78

3.3.3  HYArOPNONE.....ceeeiiiiiii et 81



12

5

Contents
ICTRC 70 N B 1= ot o o Y70 ] 101 1o o 84
3.4  Experimental Source CharaCteriSation..............cccuvvrriieemirrieeeee e 87
3.4.1 Interfacial RefleCtions. ..o 87
3.4.2  EffectOof POIYMEr TYPE....ooiiiiiiiiiiiiiee e 90
3.4.3  Effect of TNICKNESS......coviiiiiiiiiiieeeeees e a1
3.4.4  Effect Of FIUBNCE.........uiiiiiiiiie et 92
3.45 CPNSOUICE COMPAIISOLL....uuuuuiiiieeiiaesiesimmreeeeeeeereeesseeessesrrrrerrraaeeaaaeeaeens 94
3.4.6  CPN Source Stability............ccuviiiiiiiiiiimme e eee e eeeeennaes 96
I T ©o 1 (o1 013 o] PP PSPPSR 100
NUMEFCAl SIMUIALIONS. ... it e e e e e e e e b e 102
ot R [ 01 o T 0T 1o o PP SPPPPP 102
4.2  Acoustic Propagation MOUEL............eeeiiiiiiiiiiin e eeeeeaee e 102
4.2.1  GOVErning EQUALIONS........uuuuiiiiiiiimmme e eeees e 102
4.2.2  NUMENCAl MOUEL.......uuiiiiiiiiieeeee et ee e e 104
4.2.3 Discrete EQUALIONS......cccoooiiiii e mrne e 107
4.2.4  Consistency, Stability and CONVErgenCe..........ccoovvvuvvimemiiiiinieeeeeeenenns 108
4.3 Nonlinear Propagation in WALEL............cuuuiiiiiii e 109
4.3 1  CONVEIGENCE TESL....oeieiiiiiiiieiiiiiiitmrre e e e e e e e e e e e e e e e e e e e e e e e esserennrrrenneennennnneanes 109
4.3.2  Presure versus NONIINEANILY..........uuuiieeiriiiiimrmriiiiiie e sieeeieee 111
4.3.3  Bandlimited Hydrophone RESPONSE...........uuuriiiiieiiiaeeeee i 115
N o )  [ox [ 1] o o PSP 119
AdVANCEA SOUICE DESIGN......utiiiiiiiieeeii i eem ettt e e e e e e e e ee bbb e e e e e e e e e e e nans e nessnseees 120
LS 700 R 111 0 T [ 1o o TSR 120
5.2  Polymerbacked Source FabriCatiQn............ccoooiiiiiiimeeiiiiiiicccee e 121
5.2.1  Thickness Estimate of Polymbacked SOUrces............cccccceeviiiiienninnnnnns 121
5.2.2  Thickness Measurement of a Polyrib@cked Source..........cccccceeeeviiiieen. 123
5.3  Test of CPN Sources using TWO LaSerS..........ooooiiiiiiiiieeeiiciiicciccceeeeee e 125
5.3.1  The TeSt ProtOCOL......coviiiiiiiiiiiiee et 127
5.3.2 Results of TWO Laser TeSIS. .. .ccoiiiiiiiaaee i eeeeeeeeeeeeeeeeeeee e 128
5.4  Tests Using a Tuneable Duration FHY@SET...............oooiiiiiiiiiiieeeiceeeee e 130
5.5  Effect of Backing Material: Analytical Model...............ooooiiiiiiieeeiiiiieeeeee 136
5.5.1  Two-layer Analytical Model..............ooooiiiiiiiiiieee e 136
5.5.2  Threelayer Analytical MOdel........... ... 144
5.6  Effect of Backing Material: ftVave Simulations..............coooeee e 150
5.6.1  Setup of kWave SIimulation................oooeeiiiiiiieeeeiiieeee e 151

5.7 (0014163 151710 ] o TR TR 158



Contents 13

6 Fabrication and Testing of @ LGUS SOUICE............uuiiiiiiiiiiiiicemeeaseeee e eeee e 160
L 200 R 111 0T U Tod 1 o] o USSR 160
6.2  Consideratias for the CPN Source Material..............c.cccveeeiiiocc e 161
6.3  Design and Construction of the LGUS SOULCE..........coooeiiiiiiiiceciiiiiieee 163

B.3.1 LSt et e e aaeeae 163
6.3.2  FIDrebundle........eeeie e 165
6.3.3  LGUS SOUICE.....coi i e e e e e e e e e eean 168
6.4  SOoUrce CharaCteriSAtiON..........ccuuuiriiiiiie ittt e e e e e rmmme et e e e e e e e e s anee 170
6.4.1 LongTime Temporal Stability..................ooo i reeec e, 170
6.4.2 Time-series and SPECIa...........covviviiiiiiiieeeiccccc e 171
6.4.3  BAIM SCANS......cooiiiiiii e 172
6.5  Source Depattent Calibration Uncertainties................ooeoee e eeecviiiiiviiiniies 174
6.5.1  Spatial Averaging ErrorS..........ooooiiiiiiiiii e 174
6.5.2 Measurement Repeatability.........ccccooeeiiiiiiiiccciiieeeeeeeeeee e 178
6.5.3  SIgNAHO-NOISE.......ccooiiiiiii e 180
6.6 DeSigN IMPIrOVEMENTS......cciiiiiiiiie ettt smme e r e e e e e s s s 182
6.6.1  Amplitude and Bandwidth............cccooiiiiiiieeniiiee e 182
6.6.2  Laser Hazard..........ccccovviieiiieiieeees et 183
L T A o T od 111 [ ] 3PS 183

7 Conclusions and FULUIE WOTK.........uuuuuuueueiiiiimmreeeeeeeeeeeeeeeeeeeeeeeeaeeessssssssssssssseaaaseaaeenan 185
7.1 General CONCIUSIONS ... .oiiiiieiiiie e eee ettt rree s e e e e e e eaeeaaaaaaaaeaaesannnenes 185
2 V1 (V1= Y1V o PP 189

Y o] 0 1= o [ PP PPPPPPPPTP 191

R (] (=] [ ST TP 199



List of Figures

Figure 1-1:

Figure 1-2:
Figure 1-3:
Figure 1-4:
Figure 1-5:

Figure 1-6:
Figure 1-7:
Figure 1-8:
Figure 1-9:

Figure 1-10:

Figure 1-11:

Figure 2-1:

Figure 3-1:
Figure 3-2:

Figure 3-3:

Figure 3-4:
Figure 3-5:

A broad classification of hydrophones based on their pressure to electrical
transduCtioN MECNANISINL..........uuuii e e e errn e e e e e e e aran e 29

Magnitude sensitivity response of coplanar membrane hydrophones.............. 31

End-of-calde loaded magnitude sensitivity response of needle hydrophones...33

Precision Acoustics Ltd fibreptic Fabry Pérot interérometric hydrophone........ 34
Representative enaf-cable loaded magnitude sensitivity response of a PAL

fibre-optic Fabry Péot interferometric hydrophone...........cccccceviiiiiiiicccnieeeeeeeee, 34
Metrological hierarchy pyramid..............ooovuiiiiiiiiccei e 37

a Schematic of MichelsaMorley interferometer. BS: beasplitter, M1: fixed
mirror, M2: moveable mirror and PD: photodetectbntensity variation seen
by PD as a function of relative patngth difference between M1 and M2......... 42

Schematic diagram of the NPL optical Michelsbtorley interferometer used for
absolute displacement measurements at oltiagrequeNCIes...............vvvvvvvivinnnns 44

Schematic diagram of a laser Doppler heterodyne vibrometer........................ 45

a Directional response of a nominal 0.4 mm geometrical diameter Precision
Acoustics Ltd membrane hydrophoteDirectional response of a nominal 0.2
mm geometrical diameter Onda Inc probe hydrophane...........ccccooviviicceinnnn. a7

al 6 dB s p ewidths o 410 NWHz foeased transducer measured using a
0.2 mm diameter probe hydrophone and a 0.5 mm diameter membrane
hydrophoneb Spatial averaging corrections derived from Eq. (1.33) using beam
widths plotted ira and assuming geometrical diameter as the effectiv
hydrophone diameter at all harmoniCS.............uvviiiiiiiice e 50

The light transport in a medium is dependent on its optical absorptipand
scattering, , properties, which determines how the fluenceis distributed........ 55

The CPN fabrication procegsshown clockwise in the above images............... 13

A range of film thicknesses produced using the blade film applicator for an
epoxy-based CPN with 2.5 wt. % MWOCNT........cccceeiiiieeeivirecee e evvee e A

Optical absorption coefficients measuremént} , of epoxy, PU an®DMS
based CPN sources with 1.25, 2.5 and 3.5 wt. % of MWCNT over a wavelength
range of 5001100 NM iN 101M STEPS...civiiiiiiiiiiiiiiieiiiieirene e e e e e e e e e e e e aaeeaeeeaaeeaeeennes 75

The experimental SEIUD. ........uuuuuiiiiice e D

a Raster scan of the LGUS field measured from an ejppasgd CPN source at
an axial distance of.4 mm. The peak hydrophone voltages recorded from the
raster are rescaled between (0bl)ateral profiles of the LGUS field ir- and



List of Figures 15

y-dimensions at the peak position of the raster scan are represented by circles and
diamOoNds, rESPECTIVEIY......coceiiiiiiiiie et 80

Figure 3-6:  Laser fluence calculated for various fractional output energy settings controlled
by a custom fit motorised phase retardé& waveplate and the beamrea
determined from the raster scan in Sec. 3.3.2.......ccceiiiiiiiiiiiiccce e 81

Figure 3-7:  Left: Predicted enaf-cable opertircuit magnitude sensitivity response shown
as continuous line for a bilaminar hydrophone whose film thickness wad 25
and an activeliameter of 0.5 mm. The dotted continuous line is an average of
measured endf-cable magnitude sensitivities from 14 nominally identical GEC
Marconi hydrophones. The lower and upper curves represent one standard
deviation in the measured data. Right: Rreedl phase response of the
hydrophone. Reproduced with format changes from [125], Copyright 2005, with
PErMISSION fTOM EISEVIEI.......eeiiiiiiiiiiiiitree e e e e 82

Figure 3-8: Measured (circles) and predicted magnitude sensitivity and phase responses of
UT1602 hydrophone are shownamndb, respectively............cccocvveeeiiiiicceeeene 83

Figure 3-9:  aHydrophone voltage pulse acquired using UT602 hydrophone when an epoxy
based CPN source with 1.25 wt. % MWCNT was excited with a fluence of
100 *A 1 .b Magnitude spectrum shown up to 2d®iz. The hydrophone
pulse was acquired at a sampling frequency of GE% and the record length
WaS 1250 SAMPIE POINES......ceiiiiiiiiiiieie e ceet e e e e aae s 85

Figure 3-10: aNormalised magnitude response of the LABVIEW binilfinite impulse low
pass filter function whose higher enff frequency was set at 1MHz and 24
filter coefficients were used. Unwrapped filter phase response. For the purpose
of visualisation, thdilter responses are shown only up to 300 MHz rather than
the Nyquist frequency Of 1.25 GHZ............uuviiiiiiiiiiiee e 86

Figure 3-11: aDeconvolved pressure pulse obtained by applying1Eg6)using the hydrophone
voltage pulse shown Irigure3-9(a) and the regularised predicted sensitivity response
of the hydrophone shown Kigure3-8. b Magnitude spectrum of the pressure pulse
shownin a. ¢ Post FIR lowpass filtered pressure pulse showndriMagnitude

spectrum of the lowpass filtered pressure pulSe..............ovvveevveeeeiiiiiieeiiee e, 86
Figure 3-12: Schematic of glassacked CPN source sandwiched between two water half

LS 0= 1o a8
Figure 3-13: The main LGUS pulse and tieerfacial reflections recorded for an epebgsed

01aSSDACKEA CPIN SOUICE.......uuuueiiiiiiiiie it eees s e e e e a e 89
Figure 3-14. The main LGUS pulse and the interfaaiellections recorded for an PDMS

based glasbacked CPN SOUICE..........ooviiiiiiiiiieieeee e 89
Figure 3-15: Effect of polymer type on the LGUS for an appliéehce of 10 *A | ¢8

Each polymer was loaded with 3.5 $a.MWCNT...........cn 90
Figure 3-16: Effect of PUbased CPN source thickness on LGUSe and its magnitude

SPECLIA QI8 SNOWN......oiiiiiiiieie ettt eeenenennnne s 91

Figure 3-17: Relative amplitude loss of 51 and 85 thick PUbased CPN sources compared
against the 28 | CPN source calculated using amplitude spectra shown in Figure



16

Figure 3-18:

Figure 3-19:

Figure 3-20:

Figure 3-21:

Figure 3-22:

Figure 3-23:

Figure 3-24:

Figure 3-25:

Figure 3-26:

Figure 3-27:

Figure 3-28:

Figure 4-1:

Figure 4-2:

Figure 4-3:

Figure 4-4:

List of Figures

Effect of a laser fluence for an epekgsed CPN source with 1.25 wt. %
MWOCNT and 27A 1 thiCK. .....cveiviviiicieiiciecice et eea e a3

Effect of alaser fluence for a Pdased CPN source with 2.5 wt. % MWCNT and
BL A T HNICK. «eeeee ettt e e e e e e e eeaee e e et e e e et e e et e e et aaaeeeeaeeeeenns 93

Effect of a laser fluence for a PDMised CPN source with 3.5 wt. % MWCNT
AN B5A T EICK vttt e et e et e et e e et e e eaeeeeeeeeeeee e e e e e eeee e e eaeeeeenes 93

Extended fluence dependency measurement of epoxy, PU and-B&¥d& CPN
sources with 2.5 wt. % MWCNT and 20i nominal thickness. The continuous
lines are fourth order polynomial fit to the measured data, which are represented
o1 o3 5T PP TSP OPPPPPPPPRPPR 94

Effect of polymer type, laser fluence and CPN film thickness are shown for a
MWCNT loading of 1.25 wt. %. The filled square, diamond, triangle, and circle
represent applied fluences of 10, 20, 30, antl 4A |

Effect of polymer type, laser fluence and CPN film thickness are shown for a
MWCNT loading of 2.5 wt. %. The filled square, diamond, triangle, and circle
represent applied fluences of 10, 20, 30, and 4% |

Effect of polymer type, laser fluence and CPN film thicknessshown for a
MWCNT loading of 3.5 wt. %. The filled square, diamond, triangle, and circle

represent applied fluences of 10, 20, 30, ant 4B | .....c..coccevveeeevcrcecceee, 96
The plot and images shown are uncorrelated and represents varioubapesy
CPIN SOUICES.... ettt et eee e ettt e e e ettt bt et e e e e e e e e sebb s emena e e e e e e e 97

The voltagetime trends of various Rbased CPN sources acquired using a 0.2
mm diameter hydrophone..............oooviiiiiiieee e 98

The voltagetime trends of various PDMBased CPN sources acquired using a
0.2mm diameter NYdrophoNE...........oooiiiiiii e e 29

a Temperature profile measured on the surface of a Rbd®d CPN source at
3001 *A 1 near the region of maximum fluence within the test setup shown in
Figure3-4. b Surface temperature profiles measured for a short period for four
different fluences. The temperature label on each curve is the CPN surface
temperature just before the lases turned off...........ccccooiiiiiiiiiiiiccc e, Q9

Calculation of spatial gradients of a continuous funci@m shown by the
brokenrline on an equall spaced grid points represented by black dots........... 105

Schematic of the 1D computational grid implemented-Wave to invetigate
the wave steepening and broadening of a-Bemies pressungulse due to
nonlinear propagation of a high amplitude laser generated ultrasound pulse in

Convergence of spectral component®adfO recorded at a distance of 7.4 mm
on the grid, which is plotted as a function of PPW and CFL a25, 50MHz
and 100VIHZ, reSPECHVEIY .....ccce i 110

Distortion (steepening) of the tirgeries pressuypulse caused by cumulative
acoustic nonlinearity as a function of pressure amplitude and propagation
distance for laser fluence of 5, 22, and 48A | shown for various
propagatiordistances frONA f.............ueeeeiiie e 112



Figure 4-5:

Figure 4-6:

Figure 4-7:

Figure 4-8:

Figure 5-1:

Figure 5-2:
Figure 5-3:

Figure 5-4:
Figure 5-5:

Figure 5-6:

Figure 5-7:

List of Figures 17

Fourier (amplitude) spectra of the tiraeries shown in Figu#-4 for
propagation distances of 0.2, 1.0, 3.0 and 7.4.mmM..............c.cceereeeeirrrrrrnnnnns 112

a Peakpositive pressures of the simulated tiseries presse-pulses using -k

Wave plotted as a function of laser fluence and seseosor separation. In the
model, the thickness of the optical absorption region was setAd 16 match

the experimental cask.Comparison of simulation data at the same seurce
sensor separation as the measured dataTine experimental source was an
epoxybased CPN dispersed with 2.5 wt. % MWCNT and a thickness of around
10A [. The hydrophone could not be positioned belown3® (or 2.63A
time-of-flight) due to pick up ofadio-frequency noise emitted by thesitch of

the laser, which lasted for up to 253 Line plot of model and measured
PrESSUIES At 25 *A 1 .oouiieiieiceeece ettt st st ae e see e 113

ar 6 dB bandwi dt hs -seriés ptedswgpulses uninglfdavee d t
plotted as a function of fluence and souseasor separation. In the model, the
thickness of the optical absorption region was set ta 1@ math the

experimental casé. Comparison of simulation data at the same sesecesor
separation as the measured data ihhe experimental source was an epoxy
based CPN dispersed with 2.5 wt. % MWCNT and a thickness of arouhd.10
The hydrophone could not be positioned below 3.9 mm (or® @8time-of-

flight) due to pick up of radidfrequency noise emitted by thes@itch of the

laser, which lasted for up to 246Q Line plot of model and measured

bandwidths at 25 *A T . ..ocooveeiece e en e 115

Pressee timeseries simulated usingWave in 1D from a three layered media
comprising of 10A I thick epoxybased CPN with 2.5 wis multiwalled carbon
nanotubes sandwiched between glass and water half spaces....................... 117

a 25 mm diameter opticdlat glass discs coated with PDMfased CPN mixture
with 2.5 wt. % MWCNT, which were previously coated with a thin layer of
debonding agent. EnCPN coated glass discs are placed in a
polytetrafluoroethylene mould followed by filling the mould with 5:1 ratio of
PDMS:catalyst mixture and oven cured at 20@or 35 min.b After allowing the
mould to return to laboratory temperature, the contenteedoee from the
mould.c Glass discs embedded in the cured PDMS and Rb&Red sources

were removed using a SCalpPel...........ooo e 122
PDMSbacked source with 2.5 Wt. % MWCNT.........cooiiiiiiiiiiiii e 124
Edge wise optical image of the three samples of which only a corner region of the
IMAGE IS SNOWN... oot e e e e e e e e e e e e e e e e e e e e e e anenrenees 125
Top VieW Of the tESE SETUPD...ceviiiiiieeeieeee e 126

Raster scans of the LGUS field generated from a -glasked CPNsource
measured using a 0.2 mm diameter membrane hydrophone (UT1602, Precision
Acoustics Ltd, Dorchester, U.K)...... oo eeeeeeeeeeeeeeeeeeeeee e 127

The pressure timseries (top row) and the corresponding spectra (bottom row)
for a glass and PDMBacked source for an applied laser energy of
11T *A T fOr the tWO IASEIS.....c.cveveveeieeeeceeteeeee e emee e 129

PDMS-based PDMacked (top) and glagsmcked (bottom) CPN sources with
125 WE 90 CN T et e e e e e e e e e e e e et mmnss e e e e e e e e e s nnnnssssennnssnees 131

me



18

Figure 5-8:

Figure 5-9:

Figure 5-10:

Figure 5-11:

Figure 5-12:

Figure 5-13:

Figure 5-14:

Figure 5-15:

Figure 5-16:

Figure 5-17:

Figure 5-18:

Figure 5-19:

Figure 5-20:

Figure 5-21:

Figure 5-22:

Figure 5-23:

Figure 5-24:

List of Figures

Measurement setp used to test the effect of source backing material on LGUS
from glassbacked and PDM®acked CPN a@rces............coooeeeeeeeiee e 132

Fabryi Pérot interferometer sensor waveforms acquired from-basised and
PDMS-backed CPN sources using the experimental arrangement shown m Figur
5-8. The waveforms are tingated for display purposes to isolate the interfacial
reflections discussed in Sec. 3.4.1. The thickness of the CPN film on the backings
WAS AIOUNG 288 1. ..ottt enaens 133

Magnitude spectra of the FalbBerot interferometer sensor (full) waveforms
which were multiplied with a Kaiser window function (alpha = 9) to dampen the

end points to zero before calclittey the Fourier spectra...............covvvvvveeiiennnnnnn. 133
Ratios of FPI sensor peglositive voltages from glagsacked and PDMS

(o1 T0d (T O Y0 T o= T 134
Ratios of 16 dB bandwidths cal<cul ated

backed and PDM®acked CPN sourseshown in Figure-80............ccccvvvveeeeeenn. 135

Schematic of the analytical model in which an optical absorber with uniform
optical absorpbn in medium 2 is backed against medium.l...............ccooeenneee. 136

Region of integration foDand'Owhent  ‘Ofc The shaded regioshows
where the integrandQcs®  p. It is zero elseWhere..........ccoceevevevieeceeeeeenee. 139

Region of integration foDand'Owhent  'Qf& The shaded region shows
where the integrandQcs®  p. It is zero elseWhere..........cccceveeviveevceeeeeennn. 140

Analytical and kWave simulation waveforms showing the effect of acoustically
reflective glass backing relative to acousticallgtamed water backing for laser
pulse durations ranging from stress confined ‘(f to the unconfined

LI O (¢ Y= 11T 142

Ratios of backedD “YOand unbackedO wave amplitudes for a laspulse of
durationtff r om 2 0...0.0.0... 0.5 e 143

Schematic of the analytical model in which an optical absorber (meglioim
thicknessA with uniform optical absorption is sandwiched between two optically

nonabsorbing mediums, mediufmand mediuntC..............cccovvvvviiiiiieeeeee e, 144
Region of integration fod whent — RO G.......cveveveveeeieeeeee e, 148
Region of integration foy Whent TG 6........coeveveiieeeeee e 148

Analytical and kWave simulation waveforms showing the effect of acoustically
reflective glass backing relative to acoustically matched PDMS backing for laser
pulse durations from stress confingd ‘fw to unconfinedt ‘fw case.......149

Ratios of backed and unbacked wave amplitudes for a laser pulse dtifaion
L0 L1000 NS.tttttiuuinnnniuniii ot e ettt et e et e ettt et e et e eaeea e e e e e e e e e e e e e e ar e e e eeeees 150

Setup of kWave splitmodel to test the effect of CPN source backing for laser
pulse durations from stge confinedt ‘¥ to unconfinedt  'QfG case...152

The acoustic absorption of glass [149] &f*IN-based PDMS film [110] are
plotted alongside the adjusted acoustic absorption used irvrar& simulation,
which were obtained by varying the acoustic absorption of water values.......154



Figure 5-25:

Figure 5-26:

Figure 5-27:

Figure 5-28:

Figure 5-29:

Figure 6-1:

Figure 6-2:

Figure 6-3:

Figure 6-4:
Figure 6-5:

Figure 6-6:

Figure 6-7:
Figure 6-8:

Figure 6-9:

Figure 6-10:

Figure 6-11:

Figure 6-12:

List of Figures 19

(Waveforms replotted from Se.4) Fabry Pérot interferometer sensor
waveforms acquired from glassmcked and PDM®acked CPN sources using

the experimental arrangement shown in FiguB Bhe thickness of the CPN

film on the backings was around B4, ............ccccveeeieeueieemee e enas 155

k-Wave simulations waveforms recorded from glaacked and PDM$acked
sources using the splimodel described in this section. The thickness of the CPN
LTIz Y3422 N R 155

Ratios of glasacked and PDM®acked wave amplitudes for various laser
pulse durations from stress confindd 'QF® to unconfinedt  'QF& case...156

The amplitude spectra of glabacked and PDM®$acked pressuspulses shows
the effect of acoustic absorption with propagation distance............cccccceeevveeee. 157

Ratios of glasacked and PDM®acked wave amplitudes for various laser
pulse durations from stress confindd ( ‘Q¥G) to unconfinedt  'GXG) case....158

Temporal pulses of the #ano Montfort GmbH laser measured using a
Tektronix DPO7254 digital storagescilloscope with an analogue bandwidth of
2.5GHz and 40GS/s sSampling rate..........ccccuiiiiiiiiiiieeeeee e 165

Coupling of coherent light into an agal (multimode) fibre. PCX: plaroonvex
lens,| & /- half-angle of the acceptance cone of the fibre dorA, i: @ffactive
index of the cord, A I: leffactive index of the cladding............cccccovevevieemnn.n 166

Temporal stability of the MNano laser with CeramOptec fibbeindle monitored
using a 20 mm diameter pyroelectric energy sensor (ES220C, Thorlabs, Ely,

CAD drawings made using SolidWorks of the LGUS souwrce.............cccceeeeee. 168

Mock LGUS source built using mechanical components purchased from
Thorlabs, which is attached to the CeramOptec fitanedle, and MNano laser....169

A practical LGUS source. The source element secured in the aluminium body
shown in the bottom image is a PDNM&sed CPNvith 2.0 wt. % MWCNT and
film thickness is approximately 2B 1. .........coooveveeeiiiie e 169

Temporal stability plots of fouPDMS-based glasbacked CPN sources............ 170

Pressurgulses and their corresponding magnitude spectra acquired using
0.4mmdiameter UT1604 membrane hydrophone from four PERdSed glass
backed CPN sources with 2.0 wt. % MWCNT in PDMS........cccoooiiiiiiiivieeeee 172

Automated scanning tank sep with fixed LGUS source and hydrophone on the
MOTONISEA STAGE. ... e ittt e e e e e e e e s s 172

Beam scans of the LGUS fiefrom source number 3 iy, x-z andy-z planes
using 0.4mm diameter UT1604 membrane hydrophone. The scan step size was

Beam scans in they plane from all four sources measured at scgsresor
separation of 5.2hm using 0.4nm diameter UT1604 membrane hydrophone.
The scan step sizewas0f®3n. The area in each

Effective diameters calculatesing Eq. (1.32) for 0-20.4 and 0.6mm
diameter membrane hydrophones...........ccoooiiiiiieeeiiiii e 175

beam

scan



20

Figure 6-13:

Figure 6-14:

Figure 6-15:

Figure 6-16:

Figure 6-17:

List of Figures

Spatial averaging corrections @12, 0.4 and 0.6mm diameter membrane
hydrophones are SNOWN...........ccoiiiiiiiii e 176

Spectral line profiles measured using-Q®4 and0.6-mm diameter membrane
NydrophonNEs I ANAY-8XES..........uuuiiiiiieeeiiiirrr e e e 177

Hydrophone voltage spectrum of .2.4 and 0.6mm diametemembrane
RYAIrOPNONES. ... 179

Percent Typ&\ uncertainty in the spectral ratios for a pair of 0024- and 0.6
mm diameter membrane hydrophones.............cooiimmmiiiiie e 179

NPL: Displacement spectra calculated from the measured LGUS prpssdsee
generateddy Source4 (see Figure&) whose pealpositive pressure was



List of Tables

Table 2-1:

Table 3-1;

Table 3-2:

Table 3-3:

Table 3-4:

Table 3-5:

Table 3-6:

Table 3-7:

Table 4-1:

Table 5-1:

Table 5-2:

Table 5-3:

Table 54:

Table 55:

Table 6-1:

Summary of findings from literature review, which provides an account of the
current statef-the-art in the area of LGUS nanoCOmMpoStRIrCeS...........ccceeeenne. 66

Polymer types employed in the preparation of cafbagmer nanocomposite
LYo 10 o < PP 71

The final set of 27 CPN sources fabricated and tested in this study by varying the
polymer type, MWCNT wt. % and CPN film thickness. The standard deviation in
the film thickness was in the range Gt 1 ........cccoeveeeeeieeicieeeeeeee e 74

The optical absorption coefficient, , of epoxy, PU, and PDMBased CPN
sources dispersed with 1.25, 2.5, and 3.5 wt. % MWCNT. The quoted values
represent an averag value of measurements at 1060 and 1070.nm................ 76

Estimated relaxation times, initial temperature rise and initial pressure amplitude
of the nine variants of the CPdurces (three polymers each with three MWCNT
LT USRS PPOPPPRSTPRR 77

The initial and the optimised model input parameters returndddyl L AB 6 s
unconstrained multivariable function SOINBTINUNC .........oovveviieieee e 84

Acoustic pressure transmissiéiand reflection;Yhcoefficients for a wave
propagating from the CPN medium into either glass or water mediums.......... 88

Model input parameters ed in 1D kWave for the generation of tirseries
pressure pulses from an epoxy polymer hanocomposite backed on glass and
radiating acoustic wave in water media............ccooeeviiii i 118

Optical absorbance and thicknesses of CPN films coated on glass and PDMS
backings. Parenthetical entries represent one standard deviation in the measured
AN eIV VAIUES.......eeiiiiiiee i iiiieee et e e e e nes e e e e e e e e e e nnnssenenns 123

Peakpositive pressures from glass and PDbtgked sources. Glabacked
values represent an average of the measurement data from 2.6 and 4 ns.lad4&$.

The 17T6 dB bandwidths cal cul ated from
PDMSbacked sources. Glabsicked valuesepresent an average of the
measurement data from 2.6 anNd 4 NS IASEIS.......ceuvveeiieiie e rees 130

The 16 dB bandwi dt h s udespéctanfgmssamtl f r om
PDMSbacked waveforms shown in FIQUIELB. ..............oooiiiiiiiiimmmniiieeeeeen 135

Model input parameters used in 1PAkave to testhe effect of glass and PDMS
backing materials on LGUS from CPN films..........coiiiiiiieee 154

Required specifications of the laser for usthwhe LGUS source, which was
sent to four laser ManNUIaCTUNEES. .. ...cooiii e e 164

t

t

he

he

"y

"y



Abbreviations

LGUS Lasergeneratedlltrasound

CNT CarbonNanotubes

MWCNT Multi-walled CarbonNanotubes

rGO ReducedGraphendxide

CT ComputedTomography

MR MagneticResonance

NM NuclearMedicine

HIFU High IntensityFocusedJltrasound

PVDF PolyvinylideneDifluoride

NPL NationalPhysicalLaboratory

PAL PrecisionAcousticsLtd

DC Direct Current

ITF InterferometeransferFunction

FP Fabryi Pérot

FPI Fabryi Pérotinterferometer

IEC InternationaElectrotechnicaCommission
NMI NationalMeasuremeninstitute

Sl Systemdnternationalor InternationalSystemof Units
INMETRO Nationallnstituteof Metrology, Quality andTechnology
PTB PhysikalischTechnischéBundesanstalt
NIM Nationallnstituteof Metrology China
NMIJ NationalMetrology Instituteof Japan
PBS PolarisingBeamSplitter

BS BeamSplitter

PD Photodetectors

BC BraggCell

Vi s NI R VisibletoNearInfrared
NDT Non-destructivelesting
SAW SurfaceAcousticWaves



Abbreviations

CHOT CheapOptical Transducer
g-CHOT GeneratedCheapOptical Transducer
d-CHOT DetectedCheapOptical Transducer
CMUT CapacitiveMicro-machinedJltrasoundTransducer
CB CarbonBlack

CSNP CandleSootNanoparticles
SPR SurfacePlasmorResonance
CNF CarbonNanofibers

PDMS Polydimethylsiloxane

PU Polyurethane

CvD ChemicalVapourDeposition
CPN CarbonpolymerNano@mposite
PRR PulseRepetitionRate

ODI Optical Diffuser

PMMA PolymethylMethacrylate

PCX PlaneconvexLens

PCV Planoconcavel.ens

BW6 6 dB Bandwidth

PML PerfectlyMatchedLayer

FDTD Finite-differenceTime-domain
PSTD Pseudospectrdlime-domain

FD Finite-difference

FFT FastdiscreteFourierTransform
CFL CourantFriedrichsLewy

PPW Points perWavelength

PPP PointsperPeriod

IPD Initial Pressurdistribution
SNR Signatto-NoiseRatio

FWHM Full-width at Half-maximum

EM Electranagnetic

UCL University CollegeLondon

Nd:YAG NeodymiumdopedYttrium Aluminium Garnet



List of Symbols

Quantity

‘

‘

<

Meaning
Opticalabsorptiorcoefficient
Opticalscatteringcoefficient
Laserfluence
Absorbedaserenergydensity
Absorbedaserpowerdensity

Griineiserparameter

Lasergeneratediltrasouncconversiorefficiency. Thesign
usedhereis the currencysymbolfor the Indianrupee.

Volumethermalexpansiorcoefficient
Linearthermalexpansiorcoefficient
Isentropicsoundspeed
Isobaricheatcapacity
Isochoricheatcapacity
Isothermalcompressibility
Thermalconductivity
Thermaldiffusivity

Full-width at half-maximumdurationof laserpulse
Thermalrelaxationtime
Acousticrelaxationtime
Massdensity

Acousticmassdensity

Isentropicbulk modulus
Complexrefractiveindex
Photoacousticonversiorefficiency
Acousticenergy

Opticalenergy

Endof-cableopencircuit complexsensitivity

Units

60 A



_<~l |C:

C

CA

0j ©

List of Symbols

Endof-cableloadedcomplexsensitivity
Endof-cableloadedvoltage
Fouriertransform
InverseFouriertransform

Frequency

Ultrasonicpoweratthefaceof thetransducer

Ultrasonicpowermeasureat a distancel from thefaceof

thetransducer

Frequencydependenacousticamplitudeabsorption

coefficientof planewaves
Laserwavelength
Effectiveradiusof the hydrophone
Acousticpressure
Peakpositiveacoustigpressure
Particle velocity

Particle displacement
Wavevector
Scalarwavenumber
Firstorderk-spaceoperator
Secondorderk-spaceoperator

Time-step

Grid spacing

Acousticnonlinearityparametenf the medium
Linearintegrodifferentialoperator

Numberof grid points

25

60 A






Chapter 1

|l ntroducti on

1.1 Motivation

Over the pastfive decadesultrasoundimaging hastransformeditself into an essentialdiagnostic
capabilityin our healthcaresystem Globally, asmanyas250 million scansare performedannually

whichis morethanX-ray computedomography(CT), magneticesonancéMR) imagingandnuclear
medicine (NM) imaging combined[1]. This popularity is due to its unprecedentedafety record

which is due to the nonionising natureof ultrasound and also becausethe devicesare portable,
economicto procureand operate,and provide imagesin reattime with finer spatialresolutionthan
CT, MR or NM [1]. More recently,the clinically accepteduseof therapeuticultrasoundhasgrown

initially from applyingit as an adjunctform of physiotherapy[2] in the treatment of soft tissue
injuries to more advancedapplicatiors by using high intensity focusedultrasound(HIFU) to ablate

localisedprostateumours [3]. As researchinto clinical applicationsof ultrasounccontinuego expand
[4]7[7], the useof high-frequencyultrasound particularlybeyond40 MHz, is increasingin areassuch
asophthalmology dermatology paediatris, and peripheralvascularimaging[8]i[11]. Also, the low

frequency(< 10 MHz) andhigh amplitude(tensof MPa) ultrasoundwavesusedin ablativetherapies
and lithotripsy propagatenonlinearly in water, generang harmonicfrequencycomponentsup to

100MHz andbeyond[12].

Accuratecharaterisation of ultrasoundfields is vital for patientsafetydueto the damaging
thermal and mechanicalbioeffectsthat can occur under certain conditions[13]. In HIFU, intense
acousticenergyis depositedat the focus,whichis locatedinsidethetissue.The harmonicfrequencies
generatedt the focusarerapidly attenuatedesultingin localisedheating In diagnosticapplications
prolongedexposureof low intensity ultrasoundfields during Doppler blood flow measurementgor
examplemay causethe temperatureto elevate which is undesirable When driven at sufficient
pressuresthe microbubblecontrastagens usedfor enhancingimage quality may undergoinertial
cavitationandthe rapid collapseof the microbubblecan erodethe nearbytissuesurfaceandleadto
internalbleeding.Therefore,in orderto ensurethe effectivenes®f the appliedultrasoundfield in its

intendedapplicationit is importantto measureits characteristicsso that one can predict all the
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possiblebioeffects This requireshydrophone<alibratedto a traceablestandardand currently the
upper calibration frequencyrange availableto the user community is limited to a frequency of
60 MHz [14]. Therefore,a needhasarisenfor endusers,suchas medicaldevicemanufacturersand
academiaesearchergp haveaccesdo calibrationdataas high as100 MHz. This will facilitate the
accuratecharacterizatiomequiredfor patientsafety[15], performancevalidationandcompliancg16],
[17], andthe developmenbf newhigh-frequencyultrasoundechnologie$18], [19].

Miniature hydrophonesnanufacturedisingthe piezoelectricpolymerpolyvinylidenedifluoride
(PVDF) arethe standarddevicesusedin the charactesation of fields generatedy medicalultrasound
equipmenf20]. Recently robusthydrophonedasedn PVDF andFabryi Pérot ultrasoundsensor$iave
beendevelopedor the characterizatiomf the high intensityfields usedin therapeutiailtrasound21]i
[23]. For quantitativelyaacuratefield charactegation thesedevicesneedto be calibratedoveraswide a
rangeof frequenées presentn the fields beingmeasuredAt presentthe highestcalibrationfrequency
available from the National Physical Laboratory (NPL), UK, is limited to 60MHz [14], [24]. The
frequencylimit is mainly imposedby the calibrationtechniquecurrentlyemployed which is basedon
measuringthe displacementof an acoustically transparentand optically reflective pellicle in an
ultrasoundield usinganinterferometerThe ultrasounddisplacementbecomeprogressivelysmallwith
frequencyi nanomete rangeto picometerrangei for aconstanacoustigpressureThe pressuresanbe
increasedy usinga highly focusedransducerhowever the errorsdueto hydrophonespatialaveraging
grow sincethe spectralbeamwidths decreasevith frequency[25]. The uncertainy in the calibrationof
a 0.5 mm diameteractive elementhydrophonein a moderatelyfocusedfield on NPLG displacement
interferometeris 25% at 60 MHz. Beyond 60 MHz, the uncertaintiesare currently too large for the
calibrationto be practicallyuseful.

In this thesis,the use of lasergeneratedultrasoundfor the calibration of hydrophonesds
examinedThis introductorychapterdescribeghe typesof hydrophonehatareavailable the stateof-
the-artin hydrophonecalibration,andthe challengeghat needto be overcomein orderto extendthe
currentfrequencylimit to 100MHz andbeyond Chapter2 providesan overview of lasergenerated
ultrasound governingequationsandfindingsfrom the literaturereviewrelevantto the presentstudy.
Chapter3 and 4 describethe fabricationandtestingof initial lasergeneratediltrasoundsource. In
Chapter5, the effect of the sourcebacking material on laser generatedultrasoundis examined
Chapter6 describesthe designand testing of the final source assessmendf temporal stability,
measuremenepeatabilityandhydrophonespatialaveragingandchallengeghatstill remain Overall

summaryandfuturework arediscussedn Chapter7.
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A broad classification of hydrophones based on their pressure to electrical
transduction mechanisnilhe hydrophones identified in this figure are only a

selection from commercial hydrophone manufacturers and does not necessarily

represent every hydrophone available commercially or

those wused as

researchhydrophones.
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1.1.1 Hydrophones

A classificationof the different typesof hydrophonegurrently available,basedon their pressureo
electrical transduction mechanism,is schematically shown in Figurel-1. Irrespective of the
hydrophonés transductiormechanismits sensitivity (bothmagnitudeandphase)s dependenbn the
acousticfrequencyandangleof theincidentwaverelativeto thetransduceface In practice,only the
frequencyresponsdo a wave at normalincidenceis usuallyreported A brief descriptionof widely-
usedhydrophondypesarediscussedn the subsequergections.

1.1.1.1 Membrane Hydrophones
Membranehydrophonesire constructedrom athin sheetof unpoledpolyvinylidenefluoride (PVDF)
film in thethicknessangeof 9 A | to 25A [. Thefilm is stretchecveranannularing andthenmetal
electrodesare depositedon either side of the film using a vacuum depositionmethod.A chromum
layer is first depositedfollowed by gold sincegold doesnot adherewell to the PVDF surface Each
metallayeris around50 nm thick. A small overlappingelectroderegiondefinesthe sensitiveor active
elementshapewhich is permanentlypolarisedby the applicationof a high directcurrent(DC) electric
field in anelevatedemperaturenvironmensuchasanoven whichis afew tensof degres abovethe
standardaboratorytemperatureUpon cooling the PVDF, the polarisationfreezeswithin the electrode
area leaving the material both piezoelectricand pyroelectric [26]. This fabrication techniqueis
commonlyreferredto as spotpoled design.The active elementshapeof membranehydrophonesre
availablein circular and squaregeometry The standardcircular elementdiametersare 0.2, 0.4 and
0.5mm andfor thesquareelementthe standardgidedimensionsare0.2and0.5mm.
Membranehydrophonedabricatedfrom a single sheetof PVDF film areknown ascoplanar
hydrophones.Membrane hydrophones can also be fabricatadh that theactive electrodeis
laminatedbetween two PVDF sheet®uring poling both sheets of PVDBecome polarised thereby
increasing the sensitivitgpf the hydrophonébecause the two sheets amenfiguredelectrically in
paralld. Thesetwo-layer hydrophonesare known as bilaminar hydrophonesand were previously
availablefrom GEC Marconi Research.td. All modernhydrophonesare basedon coplanardesign.
The normal incidencefrequencyresponseof a hydrophoneis determinedby its thicknessmode

resonancegiven by "Q © jcQ , where® is the soundspeedof PVDF, which is
23000 O [27],Q is the thicknessof the film(s) and™Q is the resmancefrequency The

frequencyresponsevaries smoothly with frequencyand increasesas it approacheghe resonance
frequencyandthenagaindecreaseg¢seethe responsg of Marconi, PrecisionAcousticsLtd, ONDA

and SONORA hydrophone in Figure 1-2). Subsequentesonancgoccur at odd multiples of "Q
However, the responsecontinuesto diminish for frequencieshigherthan™Q  sincethe ultrasaic
absorptionof PVDF rapidly increaseswvith frequency[28]. In practice,;Q is dependenbn many

fabricationparametersfor examplethe electricalimpedancenf the pair of thin metalstrips deposited
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on the membranesurface(which carry signalfrom the active electrode} the length of interconnect
cable andthe on-boardelectronics

For the most part, commercidly available hydrophones(membrane,probe and optical)
containintegratedandogue signal processingelectronicsin orderto suppres$0/60Hz mainsborne
noise,amplify the signal flattenthe resonanceesponseandmatchthe electricaloutputimpedanceo
50 g sothatit canbe usedwith digital oscilloscopesandanalogueto-digital signalacquisitioncards.
In Figurel1-2, the magnitudesensitivity responseof commercialmembranehydrophonesrom GEC
Marconi Research.td, PrecisionAcousticsLtd (PAL), Sonora,OndaCorpaation, and Companyfor
Applied Medical Physicsand Techniqug GAMPT) areshown.Thesehydrophonesverecalibratedon
the NationalPhysicalLaboratorys (NPL) secondargalibrationfacility [29], [30].

250 T T T T T
S -— MARCONI| ¢— ONDA
L ool A GAMPT s SONORA |
= A0 PAL
=
2
= 150
B
c
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o 100
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32
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S 50
=
0 1 1 1 1 1 1
0 10 20 30 40 50 60

Frequency [MHz]

Figure 1-2: Magnitude sensitivity response of coplanar membrane hydrophdh®RCONI:
25um thick 0.5mm active diameter with 7§ | mpedance coaxi al Ca
70cm. GAMPT: 11um thick with 0.2mm active diameter. PAL: 1Am thick with
0.2 mm active diameter. ONDA: Unknown thickness withr@r@ square element.
SONORA: Unknown thickness with Orbm element diameter. These are National
Physical Laboratoryés reference hydrophon
traceability via secondary calibration methodse sensitivity response dhe
Marconi hydrophone isthe endof-cable opertircuit sendivity whereas k other
hydrophones compridentegrated analogue circuitryvhich were terminatedinto a

50q i mp eathdrimkmowen agheendof-cable loaded sensitivity.

Whentransforminga hydrophonevoltagesignalfrom a membranéydrophon&o a pressure

signal using magnitudeonly sensitivity resultsin smalker variation of the peakpositive or peak
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negativepressurse comparedo probeor fibre-optic hydrophone [31]i [33]. Thisis becausehe phase
responsef membranehydrophonewariessmoothlywith frequencyasdoesits magnituderesponse
But conventionalmembranéhydrophonesufferdamagen HIFU fields dueto the very high acoustic
pressurs, the temperaturegise, and cavitationeffects.Recently robustmembraneéhydrophonedave
beendevelogd which have beenshown to withstand HIFU pressuresas high as 70 MPa peak

positivepressureand15 MPapeaknegativepressurg34].

1.1.1.2 Probe Hydrophones

Thediameterof the activeelemens of probeor needletype hydrophone usedfor medicalultrasound
field characteris@n rangefrom 40A | to 1 mm. The active elementis supportedon the tip of a

cylindrical metalrod, which s placedinsidea hollow cylindrical metalrod of slightly largerdiameter.
Electrical insulationis usedso that thereis no direct contactbetweenthe metal rods. The active
elementmay be punchedrom a poledPVDFfilm, or a piezoelectricceramicdisc may be used.Since
the acousticimpedanceof the ceramicis much higher than PVDF, it is more resonantand so its

bandwidthis narrowercomparedo PVDF film of similar dimensionsA waveincidenton thetip of

the needlehydrophonegenerates complexpatternof wavesin the active element the housing,and
in thesurroundingluid. Theresultis a hydrophonesensitivitythatis dependentn boththefrequency
and angle of the incidentwave, and that will changewith tip geometry.Therefore, the frequency
responsef cylindrical probehydrophoness not smooth[35]. Theinfluenceof the hydrophoneonthe

measuremenof the wavefied can be reducedby shapingof the probetip resultingin a smoother
frequencyresponse[36]. The magnitudesensitivity responseof 0.2mm diameterelementprobe
hydrophone$rom PAL andOndaareshownin Figure1-3.

Probe type hydrophonesare generally preferred over membrane hydrophoneswhen
measuringcontinuousor long toneburstultrasoundfields. The large planargeometryof membrane
hydrophonegausestandingwavesto setupbetweerthe transducerand hydrophonewhich leadsto
erroneousestimatef the ultrasoundpressureAlso, probehydrophonesanbe,andhavebeen used
for in vitro experimerg. Robustprobe hydrophonesbhasedon a ceramic active elementare also
availablefor HIFU fields.
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Figure 1-3: Endof-cable loaded mgnitude sensitivity responseof needle hydrophones.The
active elementdiametersof PAL and ONDA hydrophonesare both 0.2 mm. The
continuoussolid sensitivity responsewas obtainedusing a broadbandultrasound

pulsevia referencao amembraneaeferencedydrophone.

1.1.1.3 Optical Hydrophones

Thereare currentlytwo typesof optical hydrophone commerciallyavailable Oneis a Fabryi Pérot
interferometerand the other is a reflectancehydrophonethat is sensitiveto the refractive index
changesin water at the tip of an optical fibre. In a Fabryi Pérot (FP) interferaneter an optical
reflecting cavity is fabricatedon the tip of an optical fibre: A partially reflecting mirror is first
depositedon the endof a barefibre followed by a spaceranda fully reflectingmirror. The spaceris
typically formed by chemical vapour depositionof type C, poly(p-xylylene) polymer commonly
known as ParyleneC. The incident ultrasoundwave changesthe thicknessof the optical cavity
causinga changein the intensity of the light reflectedbadk into the fibre, which is detectedby a
widebandphotodiodeand processedurther to obtain a voltage signal A tuneable laseris usedto
interrogatethe sensoras the laser wavelengthneedsto be chosensuch that the responseof the
hydrophoneis linear with acousticpressureand to maximisethe acousticsensitivity To find the
optimalwavelengththereflectedoptical poweris measuredn the absencef anultrasoundield asa
function of wavelength which is termed the InterferometerTransfer Function (ITF). Then the

wavelengthcorrespondingo the maximumslope of the ITF is chosenas the working wavelength
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The PAL FP fibre-optic hydrophoneshownin Figurel-4 usesa tuneablewavelengthlaseroperating
in the range 1520 1600nm [37]. A representativemagnitude sensitivity responseis shown in
Figurel-5. Freespace,planar, FP hydrophonescan also be made using a glass polymethyl
methacrylate or similar backing on which a FP cavity is fabricated[38]. This has allowed rapid

spatialmappingof ultrasoundields in photoacoustiémagingandHIFU by usingscannedaserbeam
[23], [38].

Partial and fully reflecting mirror
coatings form Fabry—Pérot cavity

VRN

Fibre cladding

A

125 um

- / Multiple beam
Fibre core interference

S
Polymer spacer (Parylene-C)

Figure 1-4: Precision Acoustics Ltd fibre-optic Fabryi Pérot interferometric hydrophone.The
schematiavasadaptedrom Ref[37].
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Figure 1-5: Representativendof-cable loadednagnitudesensitivity responseof a PAL fibre-

optic Fabryi Pérotinterferometrichydrophone.
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Reflectancebasedhydrophonesvere developedor usein very high-pressurdields suchas
cavitatingand lithotripter acousticfields whosepeakpositive and peaknegativepressureganbe in
excessof 30MPa and 1 10 MPa, respectively[39], [40]. In the reflectancebased fibre-optic
hydrophonealsoknown asthe Eisenmengehydrophong39], the optical refractiveindex changesn
water at the end of a barefibre due to the incident ultrasoundwave are measuredThe changein
reflectedlaserlight is measuredyy a photcamplifier as a voltagechange The changein refractive
indexof waterwith pressureatawatertemperaturef 203 isp& p 1 - 0 A andfor fusedsilica,
from which the fibre coreis made it isp® p 1™ - 0 A [22], a factor 10 lower dueto its lower
compressibility Given the small changein refractive index of water with pressure the acoustic
sensitivity of reflectancebasedfibre-optic hydrophonesare the lowest amongstall hydrophones
Therefore,measuremerbasedcalibrationis not adequatesince the peakpeak pressureamplitudes
usedin hydrophonecalibrationsare 5 MPaandbelow[14], [41], which meanghe uncertaintyin the
calibrationwill be largedueto low signatto-noiseof the hydrophoneHIFU fields canbe appliedto
increasethe signalto-noisebut calibrationtechniquescurrently in use cannotcopewith suchhigh-
pressurdields. Therefore the acousticsensitivityis derivedtheoretically[22].

In short,the measuregressureat the fibre endis derivedusingthe methodoutlinedin Ref.
[40]. The dynamicrefractiveindex of waterdueto ultrasoundwaveis recoveredrom the measured
voltageresponsef the photaamplifier andknowing the refractiveindex of water.Next, the dynamic
refractive index of water is estimatedusing the empirical GladstoneDale relation. The refractive
index of water is thenrelatedto the pressureusing the modified equationof stateof water. The
edimated pressureat the fibre end is the sum of incident plane wave diffracted waves and other
elasticwavesgeneratean thefibre. Since,only theincidentpressurevave (free-field) is requiredfor
knowing the sensitivityresponsef the hydrophoneRef. [22] only considerghe effect of diffraction
usinga numericalmodelin which the averaggressurat thefibre-waterinterfaceto anincidentplane
wave of ultrasoundis computed This method has beentestedby comparinga weakly focused

pressuredield of 5.5 MPapeakpeakpressuravith thatmeasuredisinga membrandydrophone.

1.1.2 Hydrophone Calibration Methods

The sensitivity of hydrophoness measuredising primary standardechniquesyhich providedirect
traceabilityto fundamentalunits of measurement.e., the Sl (InternationalSystemof Units). The
@PrimaryStandardrefersto the bestcurrentlyavailabletechniqueor measurementsf this kind. This
meansmeasurementare undertakerundertightly controlled experimetal conditions,for example,
thetemperaturef the watermustbe knownto anaccuracyof 0.1 K, the instrumentausedfor making
the measurementarecharacterisedor their linearity andstability, andthereexistsan unbrokenchain
of instrumentcalibrationstraceableall the way to the top of the metrologicalhierarchypyramid(see
Figure1-6).
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Hydrophonesalibratedon Primary Standardsetupsprovide the bestpossiblemeasurement
availablebut the disseminatiorto the usercommunityis undertakeron secondarymethods,where
hydrophonespreviouslycalibratedon the primary standardareusedto calibratetesthydrophonesThe
secondarymethodsare basedon a substitutiontechnique,in which the responsef the hydrophone
undertestanda referencenydrophonearecomparedvhenexposedo the sameultrasoundield. This
is lower in the hierarchyof bestmeasurementéseeFigure 1-6) sincethe test hydrophoneis now
traceableto the Sl units only via hydrophonesalibratedon the primary standardTherefore the test
hydrophonénheritsthe uncertaintie®f the primary method andin addition,the uncertaintiesnherent
to the secondarymethod. Neverthelesssecondarymethodsenableuser accessibilityto traceable
calibrationswhile remainingefficientin termsof the effort andresourcegin time andcost)required
to undertakea measurement.

The primary and secondarystandardmethodsfor the calibration of hydrophonesbriefly
describedin this sectionare those standardisedy the International ElectrotechnicalCommission
(IEC), which is an independentstandard developmentorganisation headquarteredn Geneva,
Switzerland.The Technical Committee(TC) 87 Ultrasonicsis responsiblefor preparingstandards
related to the characterisationmethodsof measurementsafety, and specificationof fields. All
calibrationsareundertakenn afreefield condition. Thefreefield complexvoltagesensitivity,0 "Q,
is definedfor two cases (i) The sensitivity determinedat the end of any integral cable or output
connectorof a hydrophoneis known as endof-cable opencircuit sensitivity 0 "Q, ii) The
sensitivity determinedat the end of any integral cable or output connectorof a hydrophoneor
hydrophoneassembly when connectedo a specifiedload impedanceijt is known as endof-cable
loaded sensitivity 0 "Q [42]. The standardisedlefinition for the endof-cable loaded sensitivity
0 "Q, is givenasthe fiquotientof the Fouriertransformechydrophonevoltagetime signal_ "Y 0
at the endof anyintegralcableor outputconnectorof a hydrophoneor hydrophoneassemblywhen
connectedo a specifiedelectricload impedanceto the Fourier transformedacousticpressurgime
signal_ n 0 in theundisturbedreefield of a planewavein the positionof the referencecentreof

thehydrophonef the hydrophonaevereremovea [42]. In equatiorform thisis givenby

Yo
. ho

I
o)
e

(1.1)
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Figure 1-6:  Metrologicalhierarchypyramid.At thetop arethe SI units, which areestablishednd

maintained by the International Bureau of Weights and Measures. National
Measuremeninstitutes(NMI) aroundthe world are responsiblgor developingand
maintainingtheir own primary standardso realiseS| andthe derivedSl unitsfor e.g.,
sensitivity unit,6 0 A of a hydrophoneThe sensitivity unit is disseminatedurther
by usersobtainingtraceabilityto the S| unitsvia secondarycalibrationfrom NMIs or

third-party calibrationserviceproviders.

In any given calibration method, some of the fundamentalassumptionsare that the
hydrophones a point receiver the ultrasoundbeamis planar,measuringequipments linear, andthe
signalto noiseperformancedoesnot influencethe measurementn practice suchconditionsare not
perfectly met and thereforeappropriatecorrectionsfor spatialaveragingcausedby the finite sized
hydroplone,field non-planarity,andequipmeninonlinearityneedto be determinecandappliedto the
measuredlata. The hydrophonecalibrationstandardEC 621272 [42] providesdetailedguidelines
on how to determineheindividual correctionsspecificto eachcalibrationmethod.In this thesis,only

thegenerabprinciple of the calibrationmethodss discussedhn the subsequergections.

1.1.21 Planar Scanning

In the planar scanningmethod,the relation betweenthe total ultrasonic power and the ultrasonic
intensity of the beamare utilised to derive the hydrophonesensitivity. The total ultrasonicpower
transmittedthrough a plane perpendicularto the direction of propagationwhen measuredusing a

hydrophonecanbewritten as
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> p
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oo Q@ o d (1.2)
where"Yis the duration of integer numberof cycles,0 is the ultrasoundpowerin & at the axial
distanced, and@ciufihd is theinstantaneoustensityin 7 |

Theinstantaneoumtensity, @afuihd is givenby

oo N ahehino @ ahoidno h (1.3)

where® chufihd is the acousticparticle velocity. But, for a planewave or whend is at leasttwice
thetransduceradiusandin the directionof propagatiorthe vectorcomponentganbe approximated

by their equivalentscalarquantitieq42]
"C‘I",I":Fb h ‘Iv,l":ﬁ\) () .Iv ’IV:FI‘) ﬁ (14)

and

N oo 7 0o afufif h (1.5

where” is the ambientmassdensityof waterin E ¢  andthe is the isentropicsoundspeedof
waterini O .

Thus,thetime-averagedntensitycanbewritten as

0 (16)

o ——h (L.7)

wherer] 0 is the time-averageof | 6 ,7Y 0 is the time-averageof the endof-cable loaded
voltage™y o of ahydrophoneor hydrophoneassemblyandd s specifiedat the driving frequency,
"Qof theultrasonictransducer.

Sincethe hydrophonesensitivityis derivedfrom intensityand powermeasurementsd, is not
possibleto determinethe phaseresponsef the hydrophoneusingthe planarscanningmethod.From
Eq. (1.7), theendof-cableloadedmagnitudesensitivityd  "Q is givenby
CeoR0OI OMWBMIBRQ P« sonme 19
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The ultrasoundpower, \ in Eq. (1.8) is derived from measuringthe total ultrasonic
power,0 at the face of the transducewusing radiationforce method[43]. The reducedpower at the

hydrophoneneasurementistancef is givenby

0 VA@bg dah (1.9)

wherg is the frequencydependentamplitude absorptioncoefficient of plane wavesin waterin
unitsof . &

The sensitivityof a hydrophonederivedusingplanarscanningmethodis directly traceablgo
the SI baseunit of massvia measuremenif ultrasoundpower.

The planarscanningmethodis currently not practisedoy any of the National Measurement
Institutes(NMI). The maindisadvantagef this methodis thatit requiresmeasurementf ultrasound
power and planarscanningof the ultrasoundbeamfor every frequencyof interest. Therefore,it is
only practicalto do a calibrationat large frequencystepsof 1 or 2 MHz and consequentlyt is not
suitableto calibratea hydrophonewvhosefrequencyresponsevariesrapidly within a narrowrangeof

frequenciesuchasneedle probe,or fibre-optic type hydrophones.

1.1.2.2 Two-Transducer Reciprocity
Thetwo-transducereciprocitymethodrequiresthat only oneof the electroacoustitransducerdeing
measuredis reciprocal (the other transduceris usually a hydrophone) i.e., it satisfies the
electromechanicakciprocitycondition[42]:
- —Y (1.10)
(@] @)
where(in transmission)) is the uniform velocity of the radiatingsurfaceof thetransducefor aninput
current’O and (in reception)Yis the opencircuit voltage producedby a force "Oacting on the
transducer.
Thereciprocaltransduceis first calibratedby a self-reciprocitymethodin which a steelplate
is usedto reflectthe emittedultrasoundvavesbackto the transduceto obtainits transmittingcurrent

response;Y, at the driving frequency of the transducer,which under planewave measurement

conditionsis givenby [42]

——h (L11)

w N Y
Y — 5
O ‘Ov

wherer) is the amplitudeof the acousticpressureemittedby the reciprocaltransducerO and™Y are

the amplitudesof the transmitting current and receivedvoltage at the terminal of the reciprocal
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transducer respectively andV is the reciprocity coefficient for plane waveswhich has units of

i OE C . Thereciprocitycoefficientis givenby [42]

0 —=h (112

whered is the surfaceareaof thereciprocaltransducen |
Oncethetransmittingcurrentresponsef the reciprocaltransduceis determinedthe second
transduceor the testhydrophonds thenplacedin the known soundfield andits outputvoltage™ is
measuredThe magnitudeof the endof-cableloadedsensitivity,0 "Q is givenby
5o~ s (119
n YO

The sensitivity of a hydrophonederivedusing two-transducereciprocity methodis directly
traceableao the S| baseunit of currentvia measuremeraf the transmittingcurrentresponse’O of the
reciprocalransducer.

A broadbandsourcedrivenin a frequencysweptmode can be usedto obtaina continuous
magnitudesensitivityresponsef hydrophone®vercomingthe mainlimitation of the planarscanning
method[44]. Also, recently,by accountingor the electricaltransfercharacteristicef the transmitting
transduceland ultrasounddiffraction effects the phaseresponsavas determinedor membrandype
hydrophonesrom 1 7 MHz [45]. The reciprocity methodis currently practisedby the National
Institute of Measurement(NIM), China and the National Institute of Metrology, Quality and
Technology(INMETRO), Brazil.

The two-transducerreciprocity calibrationmethodis relatively simple but is susceptibleto
smallalignmenterrorsat higherfrequenciesluringthe self-reciprocitycalibration.Sincethe diameter
of reciprocal transducersrange from 6 mm to 25mm [42] their directional responsenarrows
significantly with increasingrequency At 20 MHz andfor a discreceiverof 3 mmradiusthe @A "
directionalresponseangles(seeSec.1.1.3 calculatedusingEq. (1.26) are 1@ ¢, whichis a small
range.Therefore highly controlledpositioninggantriesarerequiredto facilitate accuratealignments.
Consequentlythe two-transducereciprocity methodis limited to a calibrationfrequencyof up to
20MHz.

1.1.2.3 Optical Interferometry

In the late 1980s,two NMIs, the National Physical Laboratory (NPL), UK, and Physikalisch
Technische Bundesanstalt(PTB), Germany, developed primary standardsbased on optical
interferometry.This wasfollowed by the National Metrology Institute of Japan(NMIJ) in the 1990s
[46]i[48] and more recently by the National Institute of Metrology (NIM), China[49]. The local

displacementor local velocity in an acousticfield can be measuredby using the principle of
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superpositiorasimplementedby optical interferometersn homodyneor heterodyneconfigurations.
The primary standardsmplementecat NPL andNMIJ arebasedon a homodynemethodandat PTB
andNIM it is basedn a heterodynemethod.

For a single frequencyplanewave, oncethe acousticparticle displacement, or velocity, 0

areknownthenthe acousticpressurer) canbecalculatedas
N ¢ 'Y oh (1.14)
R 0"w8 (1.15

Thelocal pressuraerivedfrom the displacemenbr velocity measurementpgetherwith the
hydrophonevoltage,”Y , measuredat the samelocation in the ultrasoundbeam,are then usedto
obtainthe sensitivityusingEqg. (1.1).

Unlike planarscanningand reciprocity calibration,in interferometricmethodsnonlinearly
steepenedoneburstsand broadbandoulsescan be used,which extendsthe frequencyrangeover
40MHz to 60 MHz [24], [48], [49]. RecentlyPTB hastestedtheir interferometefor both magnitude
andphaseo frequenciesashighas100MHz [41]. Theonly limiting factoris the signatto-noiseratio,
the measurabledisplacementor velocity level above the noise floor, which is particular to the
interferometerdesign and the sourcesof disturbanceimposedby the environmentin which the

interferometels operated.

1.1.2.4 Homodyne Interferometer

The basicprinciple of a homodynenterferometeiof Michelsori Morley typeis shownin Figure 1-7.
Light from a monochromaticcoherentsourceof wavelength_ is divided equally using a beam
splitter or half-silveredmirror. Oneof the beamss reflectedfrom a stationarymirror, M1, whilst the
other is reflected from a moving mirror, M2. The two reflected beams are re-combined
(superimposedat the beamsplitter and directedtowardsa photodetectorThe photodetectooutput
voltageis dependenbn the differencein the pathlength (numberof wavelengths}ravelledby the
reflectedlight from M2 to that from M1. If the pathlength differenceis an integer number of
wavelengthghena constructiveinterferenceakesplaceandthe voltageis proportionalto the sumof
maximumintensityin thetwo beamsandit is zerowhenthe pathlengthdifferenceis an odd number
of half-wavelengthsFor in-betweenvalues,the outputvoltagevariesas shownin Figure 1-7, which
are known as optical fringes. Since the wavelengthof light is the SI unit of length, the measured
voltagecanbedirectly relatedto the acousticdisplacementThe deriveddisplacemenis thenusedto

estimatethe acousticpressure.
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Figure 1-7:  a Schematicof Michelsor Morley interferometer.BS: beamsplitter, M1: fixed
mirror, M2: moveablemirror andPD: photodetectorb Intensityvariationseenby PD
asafunctionof relative pathlengthdifferencebetweenvil andM2. Thedashedines
on either side of M2 representmotion of the moving mirror from an arbitrary
position.

The wavelengthsof the monochromaticsourceusedin homodyneinterferometryare in the
green and red regions of the visible spectrum,typically 532nm and 633nm. However, the
displacementgroducedin the medicalultrasoundfrequencyrangeare small comparedto the light
source wavelength. The setup of the Michelsori Morley interferometerimplementedat NPL to
measuresubwavelengthdisplacementsn the frequencyrange 100kHz to 60 MHz is shown in
Figurel-8. Themeasuremertieamis reflectedfrom athin pellicle (polyethylenaerephthalatéilm of
approximately5 t I thickness)suspendedn water and coatedwith a very thin layer of gold
(<25nm) on the illumination side. The transducerexposesthe pellicle to ultrasoundfrom the
oppositeside. The thinnessof the pellicle ensurest is acousticallytranspareniver the range of
ultrasoundfrequencief interestandit thereforemovesin unisonwith the fluid asthe soundwave
passeghrough[46]. The focusinglens convergeghe optical beamto a diameterof 0.1 mm, which
determineghe spatialsamplingof the acousticfield. If the optical beamdiameteris kept sufficiently
small i.e., relativeto the lateralextentof the appliedacousticfield, thenthe measurediisplacements
canbe approximatedo planewavedisplacementsThe reflectedbeamfrom the pellicle is combined
with the referencebeamreflectedfrom a stationarymirror (a cornercube reflector) mountedon a
shaker (electromagneticor piezo stack based). The combined beam is collected by a pair of
photodetectorsonfiguredin a balanceddetectorarrangemento minimise the influence of laser
power fluctuations. The balancedphotodetects producean interferometervoltage signal,”Y, by
detectingthe phasechangebetweenthe stationaryreferencebeam(i.e., fixed pathlength) and the
measuremenbeam,which has beendisturbedby ultrasoundpropagation.The shakerservestwo
functions: i) during the ultrasounddisplacemenimeasurementdf appliesan instantaneoughase
correction detectedby the balancedphotodetectordue to disturbanceof the pellicle causedby

mechanicaldisturbancesuchas acousticnoise generatedy equipmentcooling fans, water surface
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movementdue to air drafts and movementof operatingpersonalin the lab, andii) it displacesthe
stationarymirror overtensof micrometrego form the full opticalfringes,which aredetectedoy the
photodetectorss referencevoltage,”Y hto enablethe conversionof the displacemensignal”Y to
displacemenin meters.The outputof the Michelsoninterferometer;Y, varieswith displacement, ,

accordingto therelationship:

Y YOE+— —h (1.16)

where,—is the phaseshift betweenthe measuremenrand referenceoptical beamsg® is the effective
refractive index representingair and water mediumsand™ correspondgo the amplitude of the
referencevoltagesignalwhenthedisplacemenéxceeds_ j ¢.

If the feedbackcircuit of the shakeris adjustedso that—is “ j ¢ (plus anintegral multiple of
¢"), thenthe interferometeris operatingin its most sensitivemode i.e., the referencemirror is
positionedexactly betweena bright anddark optical fringe. By ignoring the constantamplitudepart,
Eqg.(1.16) canberewrittento give displacement

LY
. OBl 8 (1.17)

At NPL the interferometeiis placedon a self-levelling antivibrationplatformin a draft proof
enclosure,but still the audible noise generatedby the equipmentcooling fans and laboratory
adjacencyissuesmechanicallydisturbsthe shaker.The feedbackcircuit can compensatdor this
disturbanceby applyingan instantaneousoltageopposingthe movementof the shaker However,if
the movementof the shakeris largeor of high-frequencythenthe responsdime of the shakercannot
fully compensatdor the disturbancewhich meansthereis a limit on how small a displacementhe
interferometercan measure NPL& interferometercan measuredisplacementss small as 110pm,
which was measuredn the far-field of a plane piston transduceroperatingat 20 MHz [50]. As
frequencyincreaseshe acousticpressurenustalsoincreaseto producea constantdisplacemengsee
Eq. (1.14)). This is difficult to achieveusing plane piston piezeelectric transducersand therefore,
focusedtransducersare employedto increasethe pressurdevel at higher frequenciesThe highest
frequencyeverachievedon the NPLGs interferometemwas 60 MHz andthis limit is mainly attributed
to the laboratorynoiseconditions[14], [24]. Althoughtightly focusedtransducergould be employed
to boost the pressurelevels beyond 60 MHz, the hydrophonespatial averaging effects become

significantelevatingthe uncertaintyin the calibrationto anunacceptablével.
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Figure 1-8:  Schematicdiagramof the NPL optical Michelsori Morley interferometerused for

absolutedisplacementneasurementat ultrasonicfrequenciesPBS1and PBS2are

polarisingbeamsplitters;}j ¢ andl/4 arehalf andquarterphaseretardemwaveplates.

1.1.25 Heterodyne Interferometer

In a heterodynenterferometerthe displacemenor velocity informationis recoveredrom the phase
of the reflectedlight using a Doppler technique.lt is not possibleto directly measurethe phase
changedrom thereflectedlaserlight of a moving surfacesincethe frequencyof the light is 429 THz
to 750 THz in the visible wavelengthrange, which is beyond todays hardware measurement
capability. Therefore,in orderto overcomethis limitation a heterodyneiechniqueis used.Here,a
portion of light from a monochromaticsourceis frequencyshifted by a small amount i.e., tens of
MHz to few hundredsof MHz andthenis reflectedfrom a vibrating surface.The frequencyshifted
andthe unshiftedlight beamsare interferedandthe resultinglight is collectedusinga photodetector
whoseresponsds linear in energy.The photodetectotransformsthe optical powerinto oscillating
current,which containsa componenbf the differencefrequencycorrespondindo the heterodyneor
beatfrequency.Thereis also a componentof the sum of two frequenciesbut the photodetectds
responsés too slow to detectthe sumfrequency[51], [52]. Thedifferencefrequencyis essentiallythe
shift frequencyappliedto the monochromaticsource which a photodetectocanmeasure.

A schematicof a variant of the heterodyneinterferometeror heterodynelaser Doppler
vibrometeris shownin Figure 1-9. Light from amonochromatitasersources divided usinga polarising
beamsplitter (PBS).PBSL1is usedto controlthe light intensity of the measuremerdndreferencebeams.
The measuremenbeamwith frequencyQ is incidenton a moving target. The reflectedmeasurement

beampasseshroughPBS2andat the non-polarisingbeamsplitter (BS) the beamis equallydivided and
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detectedby a pair of identicalphotodetectoréPD). The otherbeamfrom the PBS1is frequencyshifted
by "Qusing a Braggcell, which shifts the initial monochromaticsourcefrequencyto"Q the reference

beam.Thereferencéeamis equallydividedby the BS andcollectedby a pair of PD.

PBS1 PBS2 A/4  Moving target
Monochromatic " :
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<«
BS

r\x BC Pro
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Figure 1-9:  Schematicdiagram of a laser Doppler heterodynevibrometer. PBS1 and PBS2:
Polarisingbeamsplitters,M: mirror, BS: beamsplitter,PD: photodetectorBC: Bragg
cell,"Q carrier frequencyor shift frequencyappliedto the monochromaticsource

frequency.Theschematiavasadaptedrom Ref[51].

The heterodyneurrent,Ogeneratedby the photodetectocanbe given by [51]

O 0 0 0 ¢l 0D00Ef o <0 + h (1.18)

whered and0 are the optical powersin Watts of the measurementand referencebeams
respectively, ¢*"Qis the circular carrier frequencyor shift frequencyin O A A ¢ is the time-
varying phasesignal generatedoy the moving targetthat is proportionalto targets instantaneous
velocity,* is an arbitrary starting phasejyt |l p is the heterodyningefficiency, anduv is a
conversionparameterwhich describeghe linear correlationof photocurreneandoptical powergiven
by [51]

0 ;—nﬁ (119
where— is the photodetectds quantum efficiency, defined as the ratio of incident photon to
convertecelectron) is the chargeof electron,in Coulomb,and is thecircularfrequency.

The heterodynecurrentgeneratedy the photodetectorss convertedo a voltagesignalusing
atransimpedancamplifier. The voltagesignalis further processedo recovers 0 usinganalogueor
digital demodulationmethods.In the analoguedemodulationmethod a voltage proportional to
velocity is producedby meansa phaselockedloop circuit. The digital demodulationis basedon an

industrystandardechniqueknown asin-phasegl) andquadraturgQ) detectionwhichis widely used
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in engineeringapplicationssuch as radio communications yvector network analysers and blood
velocity measurementasing ultrasounddoppler.In IQ-demodulations 0 can be calculatedusing
an arctangenimethodin which a pair of in-phaseand quadraturesignalsare computedusing the
frequencymodulatedvibrometeror basebandignal and the original carrier signal usedto shift the
frequencyof themonochromati¢asersource Thel andQ signalsaregivenby
‘0 Al1Go « 0 Ai100, (1.20)
0 Ai16o . 0 OEFToO8 (1.22)

Theinstantaneouphasesignal,» 0 is calculatedby applyinganinversetangentto thel and

Q signals
« 0 OATDjQ (1.22

Theinstantaneouphasesignalis low passfiltered to removecomponent®f twice the carrier
frequency and its harmonics. The filtered signal could be either processedto derive velocity
information by numerical differentiation or displacementinformation by unwrappingthe phase
ambiguityintroducedoy the arctangentunction[51].

1.1.3 Spatial Averaging and Directional Respnse

Oneidealisationof the hydrophonds thatof a pointreceiverthatdoesnot affectthe acoustidield it is
measuringout just reportsbackthe value of the acousticpressureat that point. As it hasno spatial
extent,its responsedoesnot changewith the angleor frequencyof the wave The frequencyand
angledependentesponsef a hydrophondndicateshow far it is from beinganideal point receiver.
While the dominantfactor in the frequencyresponseis the thicknessof the sensitiveelement,as
describedabove,the dominanteffect on the hydrophoneadirectionality is the spatialaveragingof the
acoustidield overtheactiveregionof the hydrophone.

Optical hydrophonesexhibit the least spatial averaging since the active elementareais
definedby the diameterof the laserbeamor the diameterof the optical fibre, which can be made
sufficiently small to be considereda point sourceat the frequenciescurrently usedin biomedical
ultrasoundBut it alsoexhibits directionaity influencedby its constructiongeometryasdo membrane
andprobehydrophones

The directional responseof a hydrophonecan be measuredor exampleby positioning the
hydrophonen a nonlinearultrasoundield generatedy finite amplitudedistortionof a singlefrequency
planepistontransducef53]. A largeseparatiordistancebetweerthe hydrophoneandtransduceensures
thatthe ultrasoundoeamover the surfaceof the hydrophones planarandstill enoughharmonicsof the

fundamentafrequencyare presento undertakemeasurementsver a rangeof frequenciesandincident
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angles Examples of the directionalresponsg of a membraneanda probehydrophonewhosenominal
sensitiveelementdiametes are0.4mm and0.2 mm, respectivelyareshownin Figure1-10.

It hasbeenempirically shownthat the spatialaveragingeffectsmay be accuratelyestimated
by integratingthe free field over the surfaceareaof an imaginaryhydrophonecalculatedusing the
effective radius [20], [54]. The effective radius,c0 "Q is a frequencydependeniproperty, often
different from the physicaldimensionsof the sensitiveelementof a hydrophonewhich is obtained
from the directionalresponsemeasurementand accountsfor other effectson it aswell as spatial
averagingFor a givendirectionalresponsethe angulardifferencebetweerthe left-handr 3 dB angle
andtheright-handt 3 dB angleandthe angulardifferencebetweerthe left-handt 6 dB angleandthe
right-handi 6 dB angle¢— and¢—, respectively are obtained.The following formulas are then

appliedto estimatethe effectiveradii, @  "Q assumingirculargeometry{55]:
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where,o is the temperaturelependenisentropicsoundspeedof waterini O , & and® arethe
13 dB andT 6 dB effectiveradiiin | , respectively.— and— aretheT 3 dB and1 6 dB angularpoints

onthedirectionalresponsén radiansrespectivelyand Qs ultrasonicfrequencyin Hz.
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Figure 1-10:  a Directionalrespons®f a nominal0.4 mm geometricalliameterPrecisionAcoustics
Ltd membraneéhydrophoneb Directionalresponsef a nominal0.2 mm geometrical
diameterOndalnc probehydrophoneThe selectfew frequencydependentesponses
shown here correspondio harmoniccontentof a nonlinearly steepenedoneburst
ultrasoundwvaveformsgeneratedrom a 2 MHz fundamentaplanepistonsource.The

directionalresponsegveremeasuredy NPL.
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It is also possibleto find the effective elementsize by comparingthe directionalresponse

measurement® the analyticalmodelfor a planepistonreceiverin arigid baffle modelgivenby [20]

0 "G L QP EF,
TOBET

(1.26)
where,0 is the Besselfunction of thefirst kind, ¢is the geometricahydrophoneadiusin | , —is the
anglein radiang™Q ¢“j _is the circular wavenumberand_ is the wavelengthof the ultrasound
wavein [ . The effective radius & , is determinedby varyingduntil it gives the bestfit to the
experimentaldirectionalresponsalata. For membranenydrophonesat lower frequenciesand large
incidentangles Eqg. (1.26) doesnot fit accuratelyto the measireddatadueto heightenedehaviourof
the sidelobesasseenin Figure1-10(a). This is dueto the initiation andpropagatiorof slow-moving
Lambwavesacrosghe membranewhich affectits angledependenteflectivity thusaffectingthe side
lobes[27], andwhich arenotincludedin the simpleplanepistonmodel.

1.1.3.1 Methods for Correcting for Non-planar Wavefield

Hydrophonespatialaveraginghasbeenstudiedextensively The Refs.[25], [54], [56]i [59] andthe
referencesontainedhereinprovide a detailedaccountof work donein this area.This thesismakesa
brief referenceo the work currentlyidentified in the IEC standardandthat practisedat NPL. Spatial
averaginghasthe effect of underestimatinghe true pressureTherefore the correctionfactor canbe
thoughtof as a quantity greaterthan one, which, when multiplied by the quantity derivedfrom the
measurechydrophonee.g., peakpositive, or peaknegativepressureresultsin the recoveryof that

truequantity.

1.1.3.2 Quadratic Approximation

A widely usedmethodto correctfor the spatial averagingerror was developedat NPL [56], [57],
whichis alsothe prescribedmethodby the IEC standard521271: Measuremenandcharacterization
of medicalultrasonicfields up to 40 MHz [20]. The methodapproximateghe radial beamprofile at
the focal planeof the transduceilast axial maximumin the caseof a planepistontransducervery

closeto thetransducerxis (sameasthe hydrophonés activeradiug asa quadratiaelationship

At p G h (1.27)

wherei is theradialdistancerom thetransducerxisand®is a constant.
The following two correction methodsdefined below were basedon empirical studies
involving varioushydrophonediametersangingfrom 0.1 to 1.0 mm and frequenciesn both linear

andnonlinearpressurdields.
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Thefirst spatialaveragingcorrectionfactor,0 , in thefocal planeof atransducein alinear
field is definedby

0 o I jch (.28

wheretheparameter  is definedas
OECAGIRUAOT BOEA Al O DIEAD 8E )
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(1.29)

The secondspatialaveragingcorrectionfactor,0 , for the caseof a nonlinearlysteepened
field is definedby

0 o ¢ h (1.30)

wheretheparameter is definedas
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(1.31)

Sincethe radius of membranehydrophonescan be nearly a factor of two higher than its
geometricalradiusat low frequenciesi.e., below 3 MHz [54], the hydrophoneradiusin Eq. (1.29)
and(1.31) shouldbe replacedwith effective hydrophoneradius.Also, the correctionfactorsmustbe

calculatedby makingmeasurements two orthogonabrientationsof the activeelement

1.1.3.3 Distorted Waveform Model
In the distortedwaveformmodel[25], the spatialaveragingcorrectionis derived usingthe following

empiricalrelationship
| P T (132
where
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(1.33)

The aboverelationshipshave beenvalidated using a theoreticalmodel in which various
nonlinearlysteepenedcousticwaveforms(nonlineardistortion parameter{i rangingfrom 0.5to 2.0)
havebeeninvestigatedvhosespectralbeamwidths varied with harmonicfrequency In comparison,
the correctionsin Sec.1.1.3.2have shownto significantly underestimatehe corrections[25] and
therefore,the IEC 621271 recommendsaising smaller size hydrophonesvhere possibleespecially
when| pd [20].
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The spatialaveragingcorrectionsdescribedhereare only for the magnitudeof the acoustic
pressure.However, there have beenrecentdevelopmentsn which the complex spatial transfer
function has beentheoreticallyinvestigated[59] with restrictedexperimentalvalidaion [60]. It is
likely thatthe futureimprovementso the |EC 621271 standaradwill provideguidelinesbasedon new
developments this areaof study.

1.2 Challengeswith High-frequency Calibration

Piezoelectrianaterialssuchas quartzcrystalsand lead zirconatetitanate(PZT) ceramicare widely
usedin the generatiorof ultrasounddueto their large piezoelectricstrain coefficient. Unfortunately
the inherenly resonantnature of the PZT transducersresults in relatively narrow bandwidths.
Acoustic dampingimprovesthe bandwidth but since some of the acousticenergyis lost in the
damping material, the ampitude of the wave decreasesCapacitive micromachinedultrasound
(CMUT) transducerarraysare also resonantdevicesand thus have similar problems.Therefore,a

singlepiezoelectrioor a CMUT transducewhich coversa bandwidthof tensof MHz doesnot exist
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Figure1-11: a1 6 dB s p ewidths af h 10Melafocused transducer measured using a 0.2

mm diameter probe hydrophone and a 0.5 mm diameter membrane hydrdphone.
Spatial averaging corrections derived from E33) using beanwidths plottedn a
and assuming geometrical diameter as the effective hydrophone diameter at all

harmonics.

High-pressureand nonlinearly steepenediltrasoundbeans generatedusing focusedPZT
transducerdiave beenthe only way of calibratinghydrophoneseyond20 MHz for NPL, NIM and
PTB. The harmonicsof the nonlineaty steepenegressurefields at the focus have beenusedto
calibratehydrophonsto a maximumfrequencyof 40 MHz to 100MHz [14], [41], [49]. As discussed

previously in Sec.1.1.2 spatial averagingbemmes significant in the presenceof a focusedfield
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becausehe confinedpressuras not uniform on the surfaceof the hydrophoneelementandtheerroris
dependenbn the size of the active element This can be seenin Figure 1-11(a) on the measurd
spectralbbeamwidths of a 10 MHz focusedtransducer&1 x® usinga 0.2 mm probehydrophone
anda 0.5 mm membranéhydrophone The correspondingpatialaveragingcorrectionsare shownin
Figure 1-11(b). The uncertaintyin the spatialaveragingcorrectionincreaseshe overall uncertainty
which currentlyfor NPL is in therangeof 3% to 15% in the magnitudesensitivityoverthe frequency
rangeof 0.5 MHz to 60 MHz expressedt 95% coverageprobability. Sincethe userhydrophonesre
calibratedusing secondarymethod, it includesthe uncertaintyin the primary calibrationaswell as
the secondarymethod thus increasingthe user hydrophoneuncertaintyto 6% to 25%. These
uncertaintiesarealsosimilar for PTB overthe samefrequencyrangeandat 100 MHz the uncertainty
in ther magnitudesensitivityusingthe primary methodis atleast40%/41].

1.3 Project Goal

In this chaptey the motivationfor calibrationof hydrophonego frequenciesashigh as100MHz and
beyondwas stated.A brief descriptionof the commonly used hydrophonetypes usedin medical
ultrasoundwas given and the varioustechniquesusedto calibratethem, and their advantagesand
disadvantageswere discussed. Interferometric calibration methods can be used to calibrate
hydrophonesip to 100 MHz andbeyond but focusedultrasoundields arerequiredto generatehigh-
frequencycontentvia nonlinearpropagatio. However,hydrophonespatialaveragingin the focused
field becomea significant uncertainty component which is undesirable Ideally, a planar and
broadbandfield is required, which in not possible to generateusing piezoelectric transducer
technology.

Ultrasoundgeneratiorvia the photoacousti@ffect could be a promisingalternativeto piezo
transducerntechnologythat may satisfy bandwidth, planarity, and high-pressurerequirements In
photoacoustigswhen a light absorbingmediumis illuminated by an optical pulse,the photonsare
absorbedoy chromophoresn the mediumandthe subsequenthermalizationof the energyleadsto
simultaneousncreasesn temperatureand pressurewithin the absorptionvolume.If the mediumis
elastic,and the energydepositionis sufficiently rapid, the pressureise will resultin an ultrasound
pulse The amplitude,bandwidthand the spatial size of the ultrasoundpulse can be controlled by
varying the optical pulse durationand energy,the size of the illuminated region and the physical
propertiesof the medium.The goal of thisthesisis to first reviewthe stateof-the-art photoabsorbing
mediums used in photoacousticsvia literature review. Next, to develop a reproducible photo
absorbingfabrication methodfollowed by its characterisatiorio understandas to what properties
constituesthe generatiorof a high-pressurebroadbandwidthand planarphotoacoustidield suitable
for a calibrationapplication Finally, to build a photoacousticsourcedevicethatcould be appliedin a

laboratoryenvironmenin the sameway asexistingpiezoelectridransducers.
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2. S.Rajagpal, T. Sainsbury,B. E. Treeby,B.T. Cox, Lasergeneratediltrasoundsourcesusing
carbonpolymernanocompositefr high frequencymetrology,Journalof the AcousticalSociety
of America,144(2),p.584,2018.
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Theearliestdiscoveryof photoacousticss creditedto AlexanderGrahamBell afterthe publicationof his
work titled fAiUpon the Productionand Reproductiorof Soundby Lighto in the Journalof the Societyof
TelegraphEngineersin the year 1880 [61]. The discovery of photoconductivityof the nonmetal
seleniumby Willoughby Smithin 1873[62] led Bell to usethis semiconducton his soundtransmission
experiments.Bell devised an apparatuscalled the @hotophoné in which a flexible mirror was
constructedy attachinga micaor a microscopeglassto a diaphragmnthat could be excited usingaudible
speech.The sunlight reflectedfrom the vibrating mirror was collectedat a distanceusing a parabolic
mirror and at its centrea seleniumsolar cell was located. The rapid variation of light intensity on
seleniumgenerate@nalternatingcurrentthatwasconnectedo atelephonewhich reproducedhe speech
at transmissioninstrumentmaker CharlesSumnerTainter, a friend of Bell with whom he devisedthe
photophonexperimentssuccessfullftransmittedhe soundfrom the top of Franklin Schoolhouséo one
of Bell&s laboratoryon 1325,L Streetin WashingtonD.C.,adistanceof 213meters.

The invention of the laserin the 1960senabledwidespreadapplicationof photoacousticén
many areasof sciencesuchas noncontacigeneratiorand detectionof soundwavesin materialsfor
nontdestructivetesting[63], detectionof tracegasegd64], andbiomedicalimaging[65] by exploiting
the spectroscopiabsorptionpropertiesof moleculesIn photoacousticsglthoughcoherentight is not
essentiallasersare extensivelyusedto generataultrasoundbecausef its controllability: beamsize,
pulseenergy/ power,pulseduration.Therefore it will henceforthbe referredto asLaserGenerated
Ultrasound(LGUS).

In this chapter,the physicalprinciplesof LGUS are describedin Sec.2.1, a review of the
fabricationmethodologie®f LGUS sourcesandthe currentstateof-the-art is presentedn Sec.2.2,
the characteristic®f anideal LGUS sourcearelistedin Sec.2.3andin Sec.2.4 a brief overview of

therestof thethesisis given.

2.1 Principles of Laser-GeneratedUItrasound

Thereare broadly two mechanismsy which an ultrasound(or stresswavein solids) wave can be

inducedin a mediumusing pulsedlasers the ablative regime and the thermoelastiaegime.In the
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ablativeregime,the high energydensity of the nanoseconar subxnanosecondlurationlaserpulse
whenirradiatedon the surfaceof a materialcausest to fractureor fragmentandvaporise Therecoil
momentumassociatedvith this physicalactioninducesan acousticwavein the intact material[66].
Sinceablationinvolvescontinuousmateriallossfor aslong asit is beingexcitedby laserpulsesijt is
not practicalto designanablativeLGUS sourcefor ametrologyapplication.

LGUS in the thermoelastiadegimeoccursdueto the sequenc®f eventsshownin Figure 2-1.
The propagatioranddistributionof photonsin a mediumdepend®n boththe absorptionandscattering
coefficients, [I ] and* [I ], respectively.The distribution of light in a medium can be
characterisethy thefluence, [*i ], whichis theflow of optical energyper unit areaintegratecover
all directionsandtime. The amountof light absorbedvithin a medium,per unit volume,is the absorbed
energydensity,O[*I  ]. In LGUS, the photon energiescorrespondo the visible and nearinfrared
rangewavelengthof the electromagnetispectrumA photonis absorbednly whenthe energyof the
photonmatchesone of the quantisecenergystates(e.g., electronic,vibrational, or rotational). The time
takenby the excitedelectronto returnto the groundstatedeterminesvhethertherewill be fluorescence,
phosphorescenas thermalisationSincethereis re-radiationof the absorbeghotonin fluorescencend
phosphorescencthe returnof the excitedelectronto the groundstateis known asradiativerelaxation.
Thermalisationis a nonradiative collisional relaxation process which occursbefore fluorescenceor
phosphorescencee., if the radiative relaxationtime is longer thenthereis a greaterprobability for
thermalisatiorto occur.In nonradiativerelaxation the excitedelectrongivesawaythe energyit gained
via smallamountgo variouslower energylevelsof rotationalandvibrationalenergystates The excited
rotationalandvibrationalenergystatesof the moleculecollide with neighbouringmoleculescausingthe
transferof kinetic energy which at the macroscaleis known as the thermalisationof the medium.
Thereforefor the mediumto thermalizethe transitionmusthapperto oneof thevibrationalor rotational
energystates Unabsorbeghotonsare scatterecawayfrom the moleculewithout lossof energyat least
with elasticscatteringlnelasticscatteringcalled Ramanscatteringdoesoccur,but the proportionof the
photonsscatteredn this way is small,andis negligiblein this application.If the thermalisatiorhappens
in a sufficiently shorttime suchthatthe densitydoesnot decreasethentherisein pressuradueto risein
temperatureoccurs simultaneously.The built-up pressureis known as the initial acoustic pressure
distribution,r} , which propagateawayasanacoustiovaveandthe built-up temperaturalsodiffusesto
surroundingcoolerregiors, althoudn on a differenttime scale[67]. This is alsoknown asgeneratiorof

ultrasoundn thethermoelasticegimesinceit is theincreasén pressuréhatcausegnultrasoundvave.
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Figure 2-1:  The light transportin a medium is dependenton its optical absorption, , and
scattering, , properties,which determineshow the fluence, , is distributed.The
subsequenabsorptiorof all the photonsgivesriseto theabsorbeanergydistribution,
O * . The nonradiative relaxation of the excited photcabsorptivemolecules
heatshe medium.The conversiorof photonenergyto acousticenergyis relatedto the
mediun@s photoacousticor lasergeneratedultrasound efficiency parameter,
Following a sufficiently shortoptical pulse,the simultaneousncreasein temperature
andpressuragivesriseto initial pressuralistribution,r] , which propagateswayasan

acoustiovavein themedium.Thefigure is adaptedrom Ref. [67].
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Theamplitudeof theinitial pressuraistribution,; canbegivenby

nosoh 2.1)

where,3 is a unitlessthermodynamigropertyof the mediumknownasthe GriineiserparameterThe

Grlneiserparametecanbewritten in termsof otherthermodynamigarameterdor example

3 T o 6h (2.2)

where] [0 ] is the volume thermalexpansioncoefficient,& [I O ] is the soundspeedandd

[*+ C + ]istheisobaricheatcapacity.Theabsorbednergydensitycanbewrittenas

0 B8 (2.3)

The spatialabsorptionprofile of photonswithin the absorptionregion assumingplanewave
incidenceandin theabsence®f scatteringjs givenby Beeii Lambert Bougueraw

na B AgP ah (2.4)

where & is the perpendiculadistancefrom the surfaceand s the laserfluenceat the surfaceg

mtand (rupeei currencyof India) is the photoacousticonversionefficiency. Sincethe Griineisen

parameters only strictly true for puresubstancegshe photoacoust conversiorefficiency parameter,
representghe overall thermodynamicefficiency of a nanocompositenaterialincluding radiative

lossesi.e., fluorescencandphosphorescence.

2.1.1 Wave Equation

Laserscanbe usedto generatall typesof elasticwavesi.e., bulk, surfaceandguidedwavesdepending
on the type of medium. When a solid LGUS sourceis excited with a laser pulse, along with
compressionatressesshearstressesnayalsobe generated63]. However,sincehydrophonesireused
to measurethe ultrasoundwavespropagatingin a water mediumin which only bulk compressional
wavesaresupportedthefollowing discussions limited to wavepropagationn afluid media.

The coupledequationsthat describethe perturbationsn the pressurer), andtemperature;¥i

canbewritten as[67]
T . P
— — 2.5
and
T ey e s . -
—.70°Y '™\ n Ol Y =h (2.6)
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where= [7 | ] isthe optical energydepositedper unit volumeper unit time or the optical power
density Q [ . or0 A ] is the isothermalcompressibility,6 [*+ C + ] is specific heat
capacityat constantpressure;Y is the backgroundtemperature’Yis the local temperaturer) is the
local pressureandll  [7 |+ ] is the thermalconductivity. Eq. (2.5) and (2.6) mustbe solved
togetherwhen thermal diffusion cannotbe neglected.Since thermal diffusion from the absorbing
regionis a slowerprocessomparedo acousticpropagatiortime, the diffusion termin Eq. (2.6) can
often be neglected After somerearrangemendf Eqg. (2.5) and (2.6) a single wave equationcan be
givenwith therateof changeof absorbegowerdensityasthe sourceterm[67]

OTo 51 0 (2.7)
or equivalently

rno. Tr

— N —3 (2.8)

) d 10

The derivation of , photoacoustic conversion efficiency or the Griineiparameteris
described in Se@.1.3
Like the initial acousticpressurer) , the initial temperaturerise,”Y can be given when

thermaldiffusionis negligible[68]:

Y — —h (2.9)

where,0 [*+ C + ] is specificheatcapacityatconstanwolume.

2.1.2 Thermal Confinement

The rate at which the rise in temperaturewithin the absorbingregiondiffusesawayis relatedto the
thermal diffusivity, | [& { ] of the absorbingmedium. To ensurethermal confinement,the
durationof the laserpulse,0 shouldbe much shorterthan the thermalrelaxationtime,t , of the
absorbingnediumi.e.,0 L T . Foraplanarabsorbe(slab)thethermalrelaxation,f canbegiven

by [68]

t pitt | 8 (2.10)

2.1.3 StressConfinement

The rise in pressurewithin the absorptionregion (tox pj © deep)is directly relatedto the rise in
temperature Consequently for maximum conversion all the absorbedphoton energy must be

convertedto thermalenergy.For this to happen the depositionof the photonenergyfrom a laser
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sourcemust be sufficiently rapid that the density of the absorptionregion hasno time to decrease
significantly, i.e., thereis no immediateexpansionlf this is not the case thensomeof the absorbed
energyis usedin changingthe density of the mediumtherebydecreasinghe pressurerise due to
temperatureise.

Theratesof changeof the local temperature’Y pressurer), anddensity,” , canbe relatedby

thethermodynamiadentity [67]

—a
—x
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If thedurationof thelaserpulseis sufficiently shortthenstressconfinemenboccursi.e., there
is notime for densityto decreas@and$ T 8L ¢ JY & Underthis conditionof novolumechange
(isochoric)therateof increasen local pressureanbegivenby

tn 1 1Y
> T T8 (2.12)

Since thermal diffusion is negligible when stressconfinementis satisfiedthen the rate at
whichthelocal temperaturéncreasess givenby

VI
o "8 A (2.13

—a

InsertingEq. (2.13) into Eq. (2.12), therateat which the pressuréncreasedecomes

TP T

where FjréeQ I & 6 is the dimensionlessGrlineisenparameteror photoacoustic

conversionefficiency. The equivalentexpressiorwas obtainedby usingthe thermodynamiaelation

W 0j” ,whered 6 j6 jQ istheisentropicbulk modulus.
It is usefulto know for whatdurationof the laserpulsestressconfinemenbccurs.This canbe
givenby theacoustiaelaxationtime of themediumi.e., thetime takenby theacousticwaveto transit

acrosgheabsorptiorregion

t o' &8 (2.15)

If the durationof the laser pulseis much shorterthan the acoustictransit time acrossthe
absorptiordepth,0 L T , thenthemediumundergoessochoricthermalisationmeaningthatall the
laserenergyis depositedbeforethe acousticwave haspropagatecway from the absorptionregion,
maximisingthe build-up of pressureStressconfinements a stricterconditionto satisfythanthermal

confinementasthe acoustidraveltime will alwaysbeshorterthanthethermaldiffusiontime.
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2.1.4 Initial Value Problem

The sourcetermsmay be separatednto spatialand temporalfactorswhenthe sourceis stationary
ie,= G "O4&™Qo, whereQo is atemporalheatingpulse,normalisedsothat, Qo Qo p
andO & is the heatdepositedper unit volumeor the absorbedenergydensity.Stressconfinementis

considereda sufficient condition for approximatingQo by a delta function,] o . Therefore,the

sourcetermin Eq. (2.8) canberewrittenas[67]
L2 o 17Q0
— aho Oa
T o T

n a) 08 (2.16)

where] 0 isthetime derivativeof the deltafunction. Insertingthe sourceterm from Eq. (2.16) into
the LGUS waveequationin Eq. (2.8) gives

T_

3 @ nad N 41 08 (2.17)

—a

Thisis equalto theinitial valueproblemgivenby

TT_o © naod h (2.18)

with initial conditions:

R

. s 2.19
. h (219
The secondconditionis equivalentto assuminghat the particle velocity is initially zeroin

theregionof initial pressuralistribution.

2.2 Sourcesof Laser-GeneratedUItrasound
2.2.1 Metals

The noncontact method of ultrasoundwave generationusing lasersin metalsis widely studied
becauseof its many usesin nondestructivetesting(NDT) of optically opaquematerials.Thereare
severaladvantage®f using LGUS over piezoelectrictransducersn NDT applications[63], [69]. i)

The test specimenitself is a sourcefor generatingacousticwaves.ii) The detectionof ultrasound
wavesusingopticalinterferometryrenderghe methodnon-contact.ii) Thereis no needof a couplant
material.iv) Hostile anddifficult to accesspacexanbe probed.v) It is possibleto generatell types
of elasticwaves(bulk, surfaceand guided)by altering the heatingpatternon the surfaceof a metal
[70]. For example,using a techniqueknown as cheapoptical transducergCHOT), surfaceacoustic

waves(SAW) of a desiredfrequencycan be generatedg-CHOT) [69] with pulsedlaserexcitation.
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Here, a stripedpatternof absorbingand reflective structureggrating pattern)printed or attachedo
the surfaceof a specimerinduceslaterally modulatedthermalstressesThe frequencyof the SAW is
determinedby the width andspacingof thesestructuresThe samestructuresalsoaid in the detection
(d-CHOT) of SAWSs optically. In ad-CHOT, the heightdifferencein the structurecreateghe desired
pathlength difference. The reflected continuouswave laser gets separatednto various diffraction
ordersandusinganiris filter only the zerothorder(mainreflection)is retained A SAW propagating
beneaththe structuremodulatesthe reflectedlight, which is detectedby a photodiodeand post
processedo obtainthe measuremertf the SAW.

Metalshavea very shortoptical absorptiordepth.For a thick metalmostof theincidentlaser
energy gets reflected. As the thicknessof the metal approachedts absorptiondepth, then its
reflectancetransmittanceand absorptancareall a function of both thicknessandlaserwavelength.
The absorptiondepthfor metalsin which the intensity of the laserdropsto pj Qof the value at the

surface(ignoringthereflectedintensity)is givenby [71]

P _ -
— — =  h .
£ T “ "O(’;x_—l (2 20)

where,_ is thewavelengthof thelaserlight ande 1  is thecomplexrefractiveindex. Thereal partof
2 &1 istherefractiveindexandis relatedto the phasevelocity, andtheimaginarypart) 1¢ 1

is the extinctioncoefficientandis relatedto the absorptionThe extinctioncoefficientof aluminiumat
532nmis 8.2709[72], which givesan absorptiondepthof 7.7 nm. Since the absorptiordepthis very
shortandat the surfacetherise in temperaturenay causemelting, vaporisationor combustionof the
surfacematerialdependingon the laserpulsedurationand peakpower[63]. Thermalconfinements
difficult to satisfy for metalsdue to very short absorptiondepth and the high thermal diffusivity,
which is three orders of magnitude faster in metals [73] comparedto tissue [74]. For*

p® p i i.e., the inverse of the absorption degh calculated above and | (o4
prt i O [73],t is153fs, calculatedusingEq. (2.10). Similarly, t is 1.2 ps calculatedusing
Eq.(215 with® @ o xitO [75].

2211 Thin Metal Film Sources

The stringentrequirementson the duration of the laser pulse meansreadily available nanosecond
lasers used in biomedical photoacousticsare inefficient for LGUS. However, a significant
performanceimprovementcan be obtainedby coating metal films (10 100 nm thick) with a few
micronof polymericmaterial[76], [77]. Here,themetalfilm trandersthethermalizedcheatowingto
its high thermal diffusivity to the adjacentpolymer layer, which has a relatively low thermal
diffusivity. Therefore stressconfinemenicanbe achievedn the polymerlayervia heattransferfrom

themetalfilm.
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Kang et al. [76], fabricateda LGUS sourceconsistingof a 100 nm thick chromium film
sandwichedetweena 0.5 mm thick glasssubstrateanda 2 A [ thick polydimethylsiloxangPDMS)
polymer.For a 5 ns laserpulseoperatingat 532 nm anda fluenceof 20i *A | , they measured
peakpositive pressureof 3.86 MPa using a 0.5 mm elementdiametermembranehydrophoneat a
distanceof 0.37mm. In anothersimilar study, Lee and Gou [77] fabricateda multi-layeredsourcein
which a 10 nmthick chromiumfilm wassandwichedetweertwo layersof PDMS. Oneof the PDMS
layerswas backedby a glasssubstratehroughwhich the chromiumwas illuminated. On the other
layer of PDMS (<1 um thick) a 50 nm thick layer of aluminiumwasdepositedChromiumactedasa
partially reflecting mirror while aluminium was completelyreflecting thus a resonantoptical cavity
was formed in which more light was trapped.In this arrangementa peakpositive pressureof
1.82MPawasreportedfor a 6 ns laserpulseoperatingat 532 nm anda fluenceof 2.351 *A | . A
custommade membranehydrophoneof 0.5 mm elementdiameterwas usedto measurethe LGUS
pulses.Sincenot all of the experimentaldetailsi laserillumination area,measuremendistanceand
the bandwidthof hydrophoned areavailable,it is not possibleto say whetherthe cavity sourceof

LeeandGouis moreefficientthanthe chromiumPDMS sandwichsourceof Kangetal.

2.2.2 Nanocomposites

A nanocompositenaterialhasthe advantagehatit canbe fabricatedon mostsurfacesuchason the
tip of anopticalfibre to facilitate minimally invasiveandmultimodality imaging[78]i [80]. By using
alargeplanarnanocompositanda fast galvanicmirror to steerthe laser,dynamicsourcearrayscan
be synthesised81], [82]. Very small focal volumescan be producedby coatingthe materialon an
optical lensfor precisiontargetedtherapiesat the millimetre scale[83] and arbitrary far-field beam
patternscan be createdusing diffractive elementg84]. Consequenyl, therehasbeena considerable
body of work overthe lastdecadewith anemphasin producinghigh-pressureandbroadbandwidth
LGUS sourced80], [85], [86].

Nanocanpositesusually consist of metallic or norrmetallic nanoparticleswithin a bulk
substancewhich is usuallya transparenpolymer at the wavelength(spf interest. The nanoparticles
andthe polymer could be homogenouslynixed, or the nanoparticlexould be deposited chemically
or mechanically)on a substrateand a layer of polymer subsequentlydepositedon top or infused
within the nanoparticlestructure.Nanoparticlesexhibit different propertiescomparedto their bulk
counterpartdue to their large surfaceto-volume ratio, i.e., a greaterproportion of the atomsin a
nanoparticlearesurfaceatomscomparedo macroscopi@articles.Thelargenumberof surfaceatoms
changegamany propertiessuchas its ability to maketight bondswith foreign atomsand molecules
increasesmelting temperaturds reduced,and light absorption fluorescencegatalytic activity and
selectivity becomesize dependent87]. For example,the measuredthermal conductivity of an
exfoliatedand suspendedraphenesheetrangsfrom2 0 0 0 510 0 ® [88], wherea for bulk
graphite(in-plane)it is 10014007 i  + [89]. Whennanopaitles areaddedin smallfractionto
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a polymer,the nanoparticleshangesomeof its bulk property.For example the thermalconductivity
of curedepoxyis 0.257 |+ andanadditionof 0.5% by-weightmulti-walled carbonnanotubes
(MWCNT) increassits thermalconductivityto 0.297 1+  [89].

Light absorbinghanoparticlesisedin nanocompositefor LGUS havebeentypically carbon
basedor metatbased.Allotropes of carbonsuchas graphitepowder[90], carbonblack (CB) [79],
[91], carbon nanotubes(CNT) [83], [92]i[95], carbon nanofibers (CNF) [96], candle soot
nanoparticles({CSNP) [97] and reducedgrapheneoxide (rGO) [98], [99] have beenused.Once
photonsentersuchnanocompositetheir intricate structuretraps the photons i.e., the nanoparticles
increasethe scatteringwhich reducesthe optical penetration.In metal nanoparticlessuch as gold
(Au), light is absorbedria a resonancenechanisnknown assurfaceplasmonresonancéSPR)when
the dimensiongf the nanoparticlearelessthanthe wavelengthof photons.In SPR,the electricfield
of the photonspolariseghe surfaceelectrongor the conductionband).A netchargedifferenceoccurs
due to the polarisationof the surfaceelectronswith respectto the positively chargedcore of the
nanoparticle Therefore,a net restoringforce arises,which in turn givesrise to a specific plasmon
resonancehatis dependenbn the geometryof the particle.In the depolarisatiorphase glectrondose
the acquired energy via nonradiative relaxation thus heating the nanoparticle [100]. The
nanocompositessedto generatd GUS pulsesin the MPa rangehave predominantlybeencarbon
basedbecausehey are strongly absorbingacrossthe whole visible spectrumand hence they appear
black. Metalbasednanoparticleon the other handhave peakabsorptionover a narrow wavelength
rangedue to SPR behaviourand their LGUS output have always beenfound to be lower when
comparedo carbonbasedhanoparticle$85].

Thethermalconductivityof carbonnanoparticlesirethreeto four ordersof magnituddarger
thanpolymers[89] andat leasttwo ordersof magnituddargerfor metallicnanoparticle$101]. Since
the thermaldiffusivity is directly proportionalto the thermalconductivity, the two different ratesof
heat diffusion meanthat most of the thermal energyis concentratedcat the nanoparticlepolymer
interface.The continueddepositionof the thermalenergyin a small region of the polymer during
pulsedlaserexcitationcauseghe temperatureo rise, which resultsin simultaneousise in pressure
leadingto stressconfinemenprovidedthato L T L T

Historically, PDMSis the mostfrequentlyusedpolymerin nanocompositéabricationdueto
its highestvolumethermalexpansiorcoefficient] =960x 10°+ amongall polymers[102]. (For
smalltemperatureangesthelinearthermalexpansiorcoefficientf e I j o). Thereasorasto why
the volume thermal expansioncoefficient is cited as more important constituentof the Griineisen
parameteris becausé of polymersvaries by a factor of nearly 10 [102] comparedto § or @,
whosevariationis smaller.

Nanocompositdabricationof LGUS sourcesis an elaborate processcomparedto the thin

film metal sourcesdiscussedn Sec.2.2.1.1 This is becausenanoparticlesagglomeratedue to the
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presencef vanderWaalselectrostatic attractiviorcesbetweenindividual particlesor moleculesin
addition,the aspectatio of somenanoparticlesuchasCNT andCNF canbe over 1000,sotheytend
to tangleandform clusterg103]. Thedispersioruniformity alsodeterioratesvhenincreasecamounts
of nanoparticlesare addedto the polymer[103], which is generallyrequiredto increasethe optical
absorptionof the nanocompositeTherefore,many sourcefabricationapproache$iave beentried to
overcomeor bypassthe difficulties of dispersionThis is discussedy Lee et al. in the book chapter
fiEfficient PhotoacousticConversionin Optical Nanomaterialsand Compositeé [86], and the
referencescontainedtherein provide the rationale behind eachof the approachesFor conciseness,
brief detailsare providedin the subsequengectionsclassifiedinto two broadapproachesvhich have
demonstratedhe possibility of generatingMPa range pressureand bandwidthof tens of MHz (of
direct relevanceto the work undertakenrin this thesig. The ultrasoundpressire and bandwidthfrom

selectsourcess listedin Table2-1in Sec.2.2.3

2221 Dispersion

In the dispersionapproachthe nanoparticlesand the polymer are homogenouslymixed througha

seriesof chemicaland mechanicalprocessesThe first stepin this methodis most frequently to

functionalisethe nanoparticle Functionalisatioris a procesdn which the surfaceof the nanopatrticle
is modifiedsothatthe effectof van derWaalsforcesis lessenedDependingon the modificationdone
to the surface,a covalentbond may form with the polymer moleculeor re-aggregatioris otherwise
preventedfrom occurring during the dispersionprocess[104]. Nanoparticlessuch as MWCNT

functionalisedwith chemicalgroupssuchas carboxylicacid (COOHgroup)are combinedin alarge
guantity of organicsolventssuchastolueneor xylenei.e., 100mgin 10 mL in a glassvial andthen

sonicated.Bubblesintroducedduring sonicationare removedunder vacuum. The mixture is then
combinedwith PDMS anda curing agent.The uncurednanocomposités coatedon surfacessuchas
theendof anopticalfibre or aglassslide andfinally ovencuredto completethe procesg§105], [106]

Furtherimprovementgo the dispersionprocesshasresultedin peakto-peakLGUS pressureashigh

as21.5MPa[92]. In anothertechniquea glasssubstratalepositedvith rGO wascoatedwith PDMS

carbon black nanocompositeHere, the rGO layer absorbslight and transfersthe heat to the

nanocompositeDueto incompleteoptical absorptiorwithin therGO, the carbonised®DMS provided

furtheroptical attenuatiorthusgeneratinghigherpressureshanthe PDMS-only coating[99].

2.2.2.2 DenseNetwork Infiltration

ThetermAdensenetworkinfiltrationd wascoinedfor the purposeof this thesisto encapsulatall those
methodsin which an intricate network of nanoparticlesvas formed on a substrate.The intricate
network is then infiltrated with PDMS to fill the gapsfollowed by oven curing to completethe

fabrication.In orderto furtherincreasdahe opticalabsorptionjn somecasedheintricatenetworkwas
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sputteredwith gold nanoparticlesbefore PDMS infiltration or on the surface after the intricate
networkwasinfiltrated with PDMS. In thefollowing paragraphseveraluchmethodsaredescribed.

AsGrownCNT network A densenetworkof MWCNT wasgrownon a fusedsilica substrate
usinga chemicalvapourdeposition(CVD) technique[107]. To facilitate MWCNT growth on fused
silica, 2 nm Feand5 nm! [/ catalystlayerswere depositedand placedin a high temperature
furnaceat 7753 . A mixture of ethylene hydrogenandhelium gasesvereblown overthe substrate.
The MWCNT growth densitywas dependenbn how long the substratewas left in the furnace.A
tightly packedvertically alignedMWCNT forestwould not allow any PDMS infiltration whenspin
coated.Therefore the growth time waslimited sothata vertically alignedMWCNT forestcould not
havetime to form. A laterallytanglednetworkof MWCNT, just beforethevertical growth phasewas
found to be mostsuitablefor PDMS infiltration. A modified, reducedviscosity, PDMS was usedin
the spin coatingto enablepermeatiorof PDMS downto the silica substrateywhich ensuredadherence
of the nanocompositeo the substrateThe optical absorptionof this nanocompositevas only 80%,
thereforea 20i 30 nm layer of Au wasdepositedo elevatethe absorptiorto over90%. Finally, a few
micrometresof PDMS was depositedby spin coating for complete encapsulationThe ablation
thresholdof this nanocompositevasfoundto be 1901 *A | whentestedusinga 6 ns pulsedlaser
operatingat a wavelengthof 532 nm [107]. One possibledisadvatageof this techniqueis thatit is
very processantensivesincethefabricationinvolvesseveralkcontrolledsteps.

Chemical Vapour Deposition Spinning CVD spinning is a technique developed for
producinga continuousyarn of CNTs [95]. Here, a liquid carbonsourcecontainingacetoneand
methanoldissolvedwith ferroceneand thiophenecatalystsis mixed with hydrogenand injected
througha hot reactionflow chamberThe CNTs selassemblesia van der Waalsinteractionsinto a
multi-layeredsockin the flow chamberwhich is capturedand spunon a spindle.A multi-layered
CNT yarn was laid on a substrateand 10 nm gold nanoparticleswvere sputteredsparselyon the
surface. PDMS was spin-coatedto infiltrate the CNT yarn. The thicknessof the nanocompositevas
5A I, which wasbackedwith a PDMS-only layer of 40A | [95]. Like the AsGrown CNT network
thistechniquds alsoprocessntensive.

Electrospinning This is a high electrostaticvoltage driven polymer fibre formation process
usedto producefibres of diameterdrom nanometrgo micrometrerangg¢108]. The setupcomprises
of apolymerfluid reservoirflowing throughthetip of a bluntneedleandalargecollectorplate.When
a high DC electricfield is appliedbetweerthe needletip andthe plate,an electricchargeis induced
on the liquid surface.If the electric field is sufficiently high, then the repulsive electrical forces
betweenthe polymermoleculesovercomethe surfacetensionforces. The electric forcesdeformthe
meniscusatthe needletip to a coneshapedthargediquid, whichis ejectedunstablytowardsthe plate
forming fibre deposits[108]. Electrospinninghas beenusedto form laterally tangled network of
MWCNT and CNF fibres, on the tip of optical fibre and glasssubstratewhich was later infiltrated

with PDMS [93], [96]. Using this technique a greatercontrol on the nanocompositehicknesswas



Sources of LaseGenerated Ultrasound 65

demonstratedangingfrom 2.3i 41.4A i [93]. This is advantageousinceacousticattenuatiorin the
nanocompositesis significantly higher compared to water [109], [110] Therefore, if the
nanocompositéhicknesds greaterthanthe optical absorptiondepth(the depthrequiredto absorbthe
light) thenmuchof thewaveis attenuatedinnecessarilyvithin the nanocompositbeforeit is coupled
to water.

VacuumFiltration and Transition In this technique, MWCNT dispersedn 2% by-weight
sodium dodecyl sulphateaqueoussolution was filtered through an anodic aluminium oxide filter
whosediameterand pore size were 47 mm and 0.2A [, respectively[94]. After filtration, the filter
paperwith MWCNT wasattachedo a PMMA substrateandspin coatedwith PDMS to infiltrate the
porousMWCNT network.A further PDMS-only layerwasspin coatedo facilitate stressconfinement
via heattransferfrom the nanocompositeThe thicknessof the nanocompositevas 0.3A | andthe
PDMS-only layerwas4.5A | [94]. The advantagef this techniques thatthe overall nan@omposite
is inherentlythin, which reducesheacousticattenuatiorwithin the nanocomposite.

Candle Soot Nanoparticles The incompletecombustionof candle wax producesimpure
carbonnanoparticleknown assoot The CSNPwere capturedby simply placinga glassslide above
the candleflame [97]. The scanningelectronmicroscopyimagessizedthe particlesto be around
50 nm. PDMS wasinfiltrated into the CSNPby a direct transferapproachin which a glassslide spin
coatedwith uncuredPDMS was put in contactwith CSNP coatedglassslide. The thicknessof the
PDMS infiltrated CNSP was 6 A | and the PDMS-only layer was 20 A | [97]. The techniqueis
relatively simple and requiresonly a few standardpiecesof laboratoryequipmentto fabricatethe
nanocompdte.

2.2.3 Performance Comparison

The LGUS peakpositive pressureand bandwidth( T dB) obtainedfrom the nanocompositsources
discussedn Sec.2.2.2aresummarisedn Table 2-1. It is instructiveto comparethe LGUS output
from variousnanocompositesourcesbecauseét dictatesthe fabricationrequirementgor obtaininga
maximumLGUS output.In this regard,LGUS conversionefficiency,—, a unitlessparametefnot to
be confusedwith Gruneisens or the LGUS efficiency parameter, ) wasfirst providedby Biagi et al
[90], which is frequently usedin the literature for estimatingthe nanocompositeefficiency. The

parameters, is definedas

(2.21)

|
O"O'
¢

where,0 istheopticalenergyandO istheacousticenergy givenby

0 ¢h (2.22)
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Here,0, is thearea.Theintegralin Eq. (2.23) is normally performedover the durationof the
time-gatedacquisitionwindow.
InsertingEq. (2.22) and(2.23) in Eq. (2.21) gives

P10 2qe (2.24)
w

Here,Eq. (2.24) assumes singlepoint measurementf the instantaneouacoustigpressuras
sufficient to estimatethe opto-acousticefficiency. But in practice,neitherthe opticalillumination on
the nanocompositenor the acousticfield at the measuremenplane are uniform, which deems
EqQ.(2.24) not representatie of the whole beam.Additionally, there are severalshortcomingsthat
preventa comparisorof nanocompositeaccuratelyfrom a metrologicalperspectivesuchasthe use
of different hydrophoneswhose frequencyresponsegor bandwidth) were not known accurately,
spatial averaging error, absorption of the LGUS pulse along the propagationpath in water,
wavelengthdependenbptical absorptionof the nanocompositedifferent laserpulse durations,and
not knowing the extent to which the stressconfinementcriterion was satisfied in any of the

nanocomposites.

Table 2-1: Summaryof findingsfrom literaturereview, which providesanaccountof the current

stateof-the-artin theareaof LGUS nanocompositeources.

Optical absorbing source material Laser excitation parameters LGUS pulse parameters
Peak-
Source Energy/ Spot-  Meas. positive —6dB
thickness /4, 1, Power density/ dia. distance pressure BW
Ref. Type [pm] [nm] [ns] Fluence [mm] [mm] [MPa] [MHz]
[95] PDMS/Au-CNT yarn-PDMS 6.0 532 6 45.0mlem™ 5.0 4.9 33.6 15%
[94] PMMA/CNT-PDMS 0.7 532 8 180.0mWcm ™~ 40.0 - 3.2 15%
[93] Fibre/ MWCNT-PDMS 13.7 1064 2 35.0mlem™ 0.2 1.5 1.6 30%
[92] Fibre/MWCNT-PDMS 20.0 1064 2 33.1mJem> 02 3.0 14 29
[97] Glass/CSNP-PDMS 24 .4 532 6 3.6mJem> 10.0 4.2 4.8 21
[99] Glass/rtGO-PDMS 11.0 532 5 35.7mJem 2 10.0 3.0 4.8 40%*
[96] Glass/CNF-PDMS 57.9 532 4 3.7mJem 2 12.0 3.7 12.2 10*
[79] Fibre/CB film 1.0 1064 0.5 50.0J 0.2 0.5 2.8 34%
[98] Glass/rGO-Al layer 0.1 532 5 430mlem> - 2.8 4.5 30%
[83] Glass MWCNT-PDMS 16.0 532 6 424mlem> 0.1 55 220 23

" Estimatedvaluesfrom the datareportedwithin eachpaper.

In Ref.[83] the sourcematerialwasfabricatedon a concavdens.
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Anotherform of Eq. (2.24) wasderivedrecentlyby Leeetal [77] in which thepressureulse,
N O, wasassigned Gaussiarshapeassumingalong pulseregime i.e., the LGUS pulsedurationhas

the sametemporalshapeand durationas that of the laserpulse.Sucha condition may be satisfied
when o | pj @' 8For a Gaussianpressurepulsg the integral, 1 0'Q6 1§ § 6 and

thereforethe photoacousticonversiorefficiencybecomes

5 0
- Q”&_g (2.25)

Although Eg. (2.25 overcomes the issues of hydrophonebased measurementsits
applicabilityis very restrictivesinceit holdsfor only long Gaussiarpulses.Therefore jntercomparing
the LGUS output from various nanocompositesourcesusing a single metric is not as trivial as
suggestethy Eq. (2.24) and(2.25).

2.3 LGUS SourceCharacteristics

It is clear from the literature review that LGUS has a potential as an alternate source over
piezoelectridransducetechnologyfor generatinchigh amplitudeandbroadbandcousticfield. Also,
the acousticfield should be spatially broad relative to the maximum sensingdimensionof the
hydrophonesuchthat errorsrelatedto spatialaveragingcanbe ignored.lIt is of at mostimportance
thatthe LGUS sourceis temprally stableduring the courseof the calibrationof hydrophone®n the
interferometer Sincethe calibrationinvolves measurementf acousticdisplacemenbr velocity and
hydrophonevoltage signalswhich are acquiredsequentially thereforethe long-term stability of the
LGUS over days, monthsor yearsis not relevant. The key characteristicsequiredfrom a LGUS

sourceis listedasfollows:

1. The LGUS pressurepulseshouldhavea frequency range that makes measurements posgible
to 100 MHz andthe amplitudeof the Fouriertransformof the acousticdisplacemensignalat all

frequenciesvithin thebandwidthshouldbe atleast50 pm.

2. The spatialaveragingof the LGUS beamby the hydrophonebeing calibratedshould produce
significantly lower errorscomparedo the currentbestpractice(focusedultrasoundfields) at all

frequencies.e., errorsshouldbe 1% or below.

3. Thevariationin the calibration of a hydrophonearising from the temporalstability of LGUS
pulsesover six repeatmeasurementsvolving a pair of acousticdisplacemenand hydrophone
voltagesignalsshouldbe lessthan2%, which is typical whenusinga piezoelectricsource Also,
thelong-time temporalstability shouldspanat leastthreehours,which is the durationrequiredto

calibrateatleastonehydrophoneontheinterferometer.
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4. The LGUS sourcemustnot contaminatehe water (e.g., affect its conductivity)i.e., the source

mustnot releasenan@articlesinto water.

5. The LGUS sourcemust not presenta laser hazardto the useri.e., the laser beamshould be
completelyenclosed.

6. Thetemperatureisein the LGUS sourcemustnot elevatethe temperatureof the water, thereby

affectingthetemperaturelependensensitivityof the hydrophone.

2.4 ThesisContent

The nanocompositesourcedabricatedandtestedin this thesiscompries of MWCNT dispersedn
polymericmaterials.The characterisationf the nanocompositsourcea andthe ultrasoundgenerated
from eachof the source forms the core aspectof this thesis.Unlike the fabricationmethodologies
describedn Sec.2.2.2 thedispersiormethodundertakerin this thesisis simpler,easilyreproducible
andtheacousticoutputis on parwith manyof the nanocompositesourcedistedin Table2-1.

Chapter3 looks at the initial experimentalwork in which various nanocompositesources
were fabricatedandtestedbasedon previouswork reportedin the literature A total of 27 different
sourcesverefabricatedby varying the amountof carbonnanotubedn threedifferent polymers,over
threethicknessranges andwere all backedon a laboratorygradeglassslide. The effect of polymer
type, the amountof carbonnanotubesn each polymer, sourcethicknessand laser fluence were
assessedJnlike previousstudies the work presentedn this chapteris distinctfor threereasonsi) A
broadbandnembrandnydrophoneawith extrapolatedesponseipto 110 MHz wasusedto measurghe
LGUS andthe detailsof hydrophonenvaveformdeconvolutions providedii) Thelong-time temporal
stability of the nanocompositesvas testedunder sustainedaser excitationfor periodsup to three
hoursfor their suitability asa stablesourceof ultrasoundandiii) Via numericalmodelling (covered
separatelyn Chapterd) it wasconfirmedthatthe measured GUS pressurepulsesundervariouslaser
fluenceswereall nonlinearat the measuremeribcation

In Chapter4, an investigationinto the nonlinearpropagationof megaPascal rangelaser
generatediltrasoundandthe effect of the bandlimitedhydrophoneaesponseusinga numericalwave
solver(k-Wave)wasperformed

Chapter5 investigats the effect of glassbacking (acousticallyhard and polymer backing
(acousticallysoft) materialson LGUS from nominally identical nanocompositesThe experimental
work led to a novel finding, which provides new insightson how LGUS is affectedby the backing
material Whenthe durationof the laserpulsedoesnot satisfy stressconfinementthe peakpressure
from the glassbackednanocompositesource can be significantly higher relative to the polymer
backedsource. The ratio of glassbackedover polymerbackedpressureamplitudescontinuesto

increasewith the durationof the laserpulseeventuallyreachinga limiting value which is a function
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of acousticpressurereflection coefficiens of the interfaces in which the sourceis positioned The
experimentafindingswerevalidatedwith analyticalandnumericalmodes.

Chapter6 addressethefinal designfabricationandtestingof a submersiblelasergenerated,
planewave broadband_GUS sourcedevice The deviceis basedon a glassbackednanocomposite
source,which consistsof four replaceablesourceelements.An assessmentf the improvemens
gainedin the measuremenfrequencyrange,spatialaveragingerrors and measurementepeatability
upto 100MHz is madewith piezoelectricsourcesusedfor the calibrationof hydrophonesit NPL.

Theoverallconclusionsandfuture work arepresentedn Chapter7.
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3.1 Introduction

In this chapter,the fabrication and testing of the nanocompositesourcesis laid out in detail. In
Sec.3.2 the experimentausedto determinethe optimal valuesfor the variousfabricationparameters
of the nanocompositesourcesare described.The parametersnclude the amountof multi-walled
carbonnanotubegMWCNT) requiredto be dispersedin a polymerto reachmegaPascal(MPa)
acousticpressuresand how bestto put a thin layer of nanocompositeonto a glass backing. A
dedicatedtest setup was put togetherto test various nanocompositeaunder different fluence
conditions. The characteristicof the test setup,which consistedof an automatedscanningtank,
pulsedlaser,and a broadbandchydrophoneare describedn Sec.3.3. The lasergeneratediltrasound
(LGUS) pulsesgeneratedby variousnanocompositeweremeasuredndassessedsa function of the
polymertype, CNT contentin the polymer,nanocomposit¢hicknessJaserfluence,andthe stability
of nanocompositesourcesunder sustainedlaser excitation. The results are discussedn Sec.3.4.
Nonlinearsteepeningvas observedn the LGUS pressurepulsesmeasuredat a distanceof 7.4 mm
from the nanocompositeAlso, therewere undulationson the trailing side of the pulse,anindication
of the bandlimited hydrophoneresponse which is known to introduce ringing artefactsin the
measuredresponse.These observationsare numerically investigatedusing a model of nonlinear

propagationin Chapter.

3.2 SourceFabrication

The nanocompositesourceswere fabricated by mechanicallydispersingMWCNT in polymeric
matrices,which will be henceforthreferredto as carborpolymer nanocomposit¢ CPN) sourcesIn
orderto arrive at a suitableCPN source,which cangenerateMPa rangepressureand a frequency
range that makes measurement possiipi¢o 100 MHz, CPN fabrication parametersuch as the
polymertype, weight fraction of the MWCNT in the polymer, andthe thicknessof the CPN source
werevaried. Thoughpolydimethylsiloxang PDMS) is the predominanpolymer matrix employedin

the fabrication of nanocompositegor LGUS, the stability of PDMS-basednanocompositesinder
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sustainedaserexcitationis not known. Therefore two otherpolymerswereincludedin the scopeof
this exploratorywork: (i) epoxyresird givenits widespreadisein industrial applicationsdueto its
high mechanicaktrength thermaland chemicalresistanceand (ii) polyurethand for its application
asphantomsn ultrasoundjuality assuranceneasurements.

The MWCNT (Haydale Ltd., Ammanford, CarmarthenshireU.K.) were mechanically
dispersedn the polymer using a high-speedshearmixer (DAC 150.1FV-K, SpeedMixef", High
Wycombe, U.K.). As per the specificationsfrom Haydale Ltd., the diameterand the length of
individual MWCNT were 10 nm and 1.5A [, respectively.Although the supplied MWCNT were
functionalisedto contain carboxylicacid (COOH) groups, the effect of functionalisationon the
quality of dispersionor fabricationwas not studiedseparatelyThe MWCNT, polymer,and catalyst
(curing agent)wereall combinedby their weight fractions(wt. %). The MWCNT weredispersedn
the polymer at 3500rpm for 2 min followed by addition of the catalyst,and shearmixed againat
3500rpm for 2 min. At 1.25wt. % of MWCNT in polymer, the viscosityof the resultingmixture still
resembledhe viscosity of the basepolymerand at 3.5 wt. % the mixture had becomemorelike a
thick paste.The stiffnessof the pasterapidly increasedeyond3.5wt. % MWCNT contenttherefore,
atthesehighwt. % it wasnot possibleto makethin films. A total of 27 variationsof the CPN sources
were fabricated.The polymer typeswere epoxy, polyurethang(PU) or PDMS; the threewt. % of
MWCNT in polymerwere 1.25, 2.5, or 3.5 wt. % and the thicknessesvere 17 28, 51i 55, or 71i
85A [. The MWCNT-polymermixture wasusedto coata laboratorygradeglassslide. The polymer
typesandtheir curingconditionsaregivenin Table 31.

Table 3-1: Polymer types employed in the preparationof carbonpolymer nanocomposite
sourcesMix ratios quotedin the table are for pure polymersonly. To preparethe
nanocompositethe massof the base material was adjustedto accommodatehe
requiredpercentweightcontentof the MWCNT (1.25,2.5,0r 3.5wt. %).

Polymer type Supplier Mix ratio by weight Curing
(Product) (base:catalyst) conditions
Epoxy resin Huntsman Advanced Materials, Araldite LY 564: 10 g Oven cured for
(Araldite) Duxford Cambridge, UK Aradur 2954:3.5 g 12 hours at 70 C
Polydimethylsiloxane Dow Corning Corporation, Elastomer: 10 g Oven cured for
(SYLGARD® 184) Auburn, MI, USA Cure accelerator: 2 g 35 mins at 100 C
Polyurethane MB Fibreglass, Newtownabbey, Polyol (Part A): 5 g Oven cured for
(Polycraft FC-6630) Northern Ireland, UK [socyanate (Part B): 5 g 12 hours at 40 C

3.2.1 BladeFilm Applicator
Thin film applicatorsareprecisionwet film applicationdevicesusedto meetthe quality requirements
of the coatingsindustry. The American Society for Testing and Materials, a non-profit voluntary

standardsdevelopmentagency has developeda standard[111] that outlines best practicesfor
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applying uniform coatingssuch as paints and varnishes.The blade film applicatoris one such
techniquen which a heightadjustableknife-edgedmetalframeattachedo a micrometrecontrolsthe
gap clearanceelativeto a flat surface,e.g.,a glassslide. A thin film is producedwhenthe excess
mixture spreadon the glassslideis removedby sliding the knife-edgedmetalframeoverthelengthof
the glassslide. A glassbackedCPN sourceis formedafter ovencuring the thin film. Thelengthand
width of the glassslidesusedherewere 76 x 26 mm, respectively.The thicknessof the glasssides
werenominally 0.8 mm. A heightadjustablebladefilm applicatorwith a 10t i stepresolutionwas
procuredfrom Sheeninstruments(West Molesey, Surrey, UK) for producingthin nanocomposite
films.

The bladefilm applicatorsetupshownin Figure 3-1 consistsof an aluminium flatbed with
guiderails to assista steadyhorizontalmotionof theblade.A glassslideis placedbetweerthe height
adjustableknife edge,controlledby a pair of micrometres(10A [ resolution),and the flat surface.
The glassslide wastemporarilyheld on the surfaceusing maskingtape. The knife edgewasszeroed
by pushingit downonto theglasssurfaceandthenraisedto therequiredheight,which determineghe
thicknessof the CPN film to within the resolutionof the micrometre.The film applicatoris then
carefully lifted out of the setupto allow a thick layer of CPN to be spreadacrossthe surfaceof the
glass.The film applicatoris placedback on the setupandis drawn acrossthe length of the coated
surfaceleavinga thin layer of CPN on the glass.The excessSCPN on all the surfacesare wiped and
cleanedusing acetoneand then methanol.The maskingtapeis removed,andthe CPN coatedglass
slideis curedin anovenatthetemperaturdistedfor eachpolymertypein Table3-1. Thethicknessof
the curedfilm was determinedby measuringhe differencein thicknessbetweenthe uncoatedglass
slide and the coatedglassslide usinga 1t 1 resolutioncalibratedmicrometre.This techniquewas
foundto be applicablefor all threepolymertypesastheir viscositiesallowedapplicationof thin films
onglassslides.

It was found that the thicknessuniformity of the purchasedaboratorygrade glassslides
could vary between2 to 5t | overthe lengthof the glassslide, i.e., the thicknessof the glassslide
progressivelydecreasedrom one endto the other. This variation was not thoughtto be a limiting
factorin this preliminarystudy.lt is possiblethatthe final sourcecould be coatedover an optical flat
whosethicknessvariationsaretypically lessthan100nm. The variationin inter andintra thicknessof
the thin films of CPN on glassbackings fabricatedusing the methoddescribedabove is shownin
Figure 3-2 for an epoxybasedCPN with 2.5 wt. % MWCNT. The aim was to produceCPN film
thicknessesof approximately 25, 50 and 75t . The variations arise from measurementnd
experimentalsystematiceffects such as the step resolution of the micrometre, variation in the
thicknessof the glassslides and shrinkageof the CPN whilst curing. Given the variation in the
thicknessof the CPN source,at leastthree sampleswere producedfor eachof the 27 CPN source
typesto allow a selectionsuchthatthe sourcesverecloseto thethreedistinctthicknessralues 25,50

and75t i . However,for the caseof PDMS-basedCPN sourcesthe thicknessesvere found to be
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consistentlylower by 30%. Volumetric shrinkageof PDMS at a cure temperatureof 1203 for a
polymer:catalystatio of 6:1is reportedto beonly 2.75%[112]. Thereforejt appearshatthe addition
of MWCNT may have interferedwith the polymerisationprocesswhilst curing and causingit to
shrink by an unusually high factor. Also, CPN sourcesof approximately10 A | thicknesswere
fabricated pnesampleeach for epoxy,PUandPDMS-basedCPNswith 2.5wt. % MWCNT.

Epoxy + Epoxy-CNT
curing agent ; paste
+ CNT High speed

shear mixed

CPN coated glass slide The coating process Blade film applicator

Figure 3-1:  The CPN fabricationprocesss shownclockwisein the aboveimages.The required
amountsof epoxy,curingagentand CNT areaddedto a plasticjar. Thejar is sealed
and placedin a high-speedshearmixer. The mechanicakhearmixing combinesall
theingredientgo form a paste A bladefilm applicatoris usedto lay thin films of the
pasteon a glassslide. Thefilm thicknesss controlledby the two micrometreswvhich
movesthe knife edgedmetalframefrom the glasssurfaceto therequiredheight. The
glassslide is held on the flat bed with maskingtape and its surfacespreadwith
freshly preparedCPN paste.A CPN coatedglassslide is formed after sliding the
bladefilm applicatorover the coatedsurface.The coatedglassslide is ovencured,
which completegshefabricationprocess.
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Figure 3-22 A rangeof film thicknessegroducedusingthe bladefilm applicatorfor an epoxy
basedCPNwith 2.5wt. % MWCNT. The aim wasto produceCPNfilm thicknessesf
approximately25, 50 and 75t [ . The thicknessof the CPN film was derived from
differencedn thicknessesf bareglassandglasscoatedCPN postcuring. Theerrorbars
representone standarddeviation. The standarddeviation was estimatedfrom six

measurementskenoveranareaof 20 x 20mmin thecentralregionof thecoatedarea.

3.2.2 CPN TestSources
Thefinal setof glassbackedCPN sourcedabricatedby varyingthe polymertype,wt. % of MWCNT

in the polymer, and the thicknessare listed in Table 3-2. The experimentalsetupin which these

sourcesveretesteds describedn Sec.3.3.

Table 3-2: The final setof 27 CPN sourcesfabricatedand testedin this study by varying the
polymertype, MWCNT wt. % andCPNfilm thicknessThe standarddeviationin the
film thicknesswasin therangeof 4i 10t 1 .

Polymer  1.25 wt. % MWCNT 2.50 wt. % MWCNT 3.50 wt. % MWCNT

type id  Thickness (um) id  Thickness (um) id  Thickness (um)
RAC3 27 RAA4 24 RADI1 26
Epoxy RAC4 55 RAA9 55 RAD7 55
RACY 71 RAAIO 71 RAD9 59
TAC2 28 TAA6 31 TAD4 27
PU TAC6 51 TAA9 51 TAD7 54
TACS 85 TAAll 78 TADS8 75
SAC1 17 SAA6 17 SAD3 19
PDMS  SAC4 36 SAA9 33 SAD4 34

SAC7 51 SAAI2 52 SADS 55
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3.2.3 SpectrophotometerMeasurements

The optical absorptioncoefficient,” , of the CPN sourceswas measuredusing a duatbeam
spectrophotometdt.ambda750, PerkinElmer, Waltham,Massachusett$)SA) at University College
London (UCL) over a wavelengthrangeof 500/ 1100 nm in 10 nm steps.The measurementa/ere
repeatedhreetimescloseto the centreof the CPN coatedsurfacecoveringanareaof 2 x 5 mm. The
measurementwere madeonly on samplesof thicknessed 7i 3111 , asthe optical transmittanceor
the othertwo thicknessrangeswastoo low andhencethe measurementaereunreliable. Theresults
areplottedin Figure 3-3 and listed in Table 3-3. The tabulatedvaluesare an averageof 1060 and
1070nm measurementsyhichis closeto the experimentalaserwavelengtiof 1064nm.

From Table 3-3, it is seenthat’ is approximatelylinear with wt. % for both epoxy and
PDMS polymers.The coefficientof determinationyY , for a linear regressiorfit with zerointercept
was0.99and0.98for epoxyandPDMS, respectivelyln caseof PU, therelationshipof *©  with wt. %
is not linear. Theseresultswere confirmedby makingindependentepeatmeasurementandusinga
different singlebeam spectrophotomete(400'900 nm, Lambda 850, Perkin Elmer, Waltham,
Massachusett$)SA) at NationalPhysicalLaboratory(NPL) to rule out potentialmeasuremergrrors.
It is possiblethat eitherthe relationshipis not expectedo be linear or therewas a usererror when
weighing the MWCNT for 2.5 wt. % inclusioninto PU sincethe valueof* at 2.5 wt. % is low
comparedo epoxyandPDMS atthe samewt. %.

— Epoxy polymer matrix _— PU polymer matrix — PDMS polymer matrix
T 400 XY POV =400 Py <400 POy
E — 125wt % E — 125wt % E — 125wt %
= ——2.50wt. % = ——2.50wt. % = ——2.50 wt. %
i 300 3.50 wt. % %5 300 3.50 wt. % % 300 3.50 wt. %
s 0 0
(] [ Q
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w w W
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Figure 3-3:  Optical absorptioncoefficientsmeasurement, 1 , of epoxy,PU and PDMS-based
CPN sourceswith 1.25,2.5 and 3.5 wt. % of MWCNT over a wavelengthrangeof
50011100 nm in 10nm steps.The measurementsepresentan averageof three
repeatsapproximatelycloseto the centreof the CPN coatedsurface. The worstcase

standardleviationacrosshe measurementsas3%.
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Table 3-3: The optical absorptioncoefficient," , of epoxy,PU, andPDMS-basedCPN sources
dispersedwith 1.25,2.5, and 3.5 wt. % MWCNT. The quotedvaluesrepresentan

averagedalueof measurementat 1060and1070nm.

Weight content of MWCNT
Polymer |55t 05 250wt % 3.50 wt. %

matrix - - - 3
Optical absorption coefficient, ¢ ,[mm "]

Epoxy 60 125 176

PU 47 73 216

PDMS 68 167 245

The measuremenbf optical absorptioncoefficients can be usedto estimatethe stress
relaxationtime, t , thermal relaxationtime, T , initial temperaturerise,”Y, and initial pressure
amplitude) , if the other relevantphysical propertiesof the CPN sourcesare also known. The
measuremenof all the relevantphysical propertiesof the nine CPN variants(three polymersand
three MWCNT wt. %) was beyondthe scopeand meansof this project,therefore just the valuesof
the polymer matrix available from manufacturerspecificationssheet, online databasesand via
literature searchwere used.The one exceptionwas the measurementf soundspeedand acoustic
absorption,which were measuredon NPL& acousticcharacterisatiorfacility [113]. The physial
propertiesof the three polymer matricesare listed in Table 3-4. Thesevaluesalong with the three
nominalvaluesof optical absorptioncoefficientsrepresentinghe threeMWCNT wt. % wereusedin
Eq.(2.1), (2.9), (2.10) and(2.15) to calculatethe estimatecharametertistedin Table3-5.

It is interestingto seethatthe Griineiserparameteis 25% higherfor epoxycomparedo PU
or PDMS, both of which have similar values.Thoughthe volume thermal expansivityis at leasta
factorof four higherfor PDMS comparedo epoxy,the soundspeef epoxy,whichis a factorof 2.5
higher than PDMS plays a significant role in elevatingthe Griineisenparametergiven that3
I @ 6 . Thesecalculationssuggestthat epoxy should producehigher LGUS output comparedto
PDMS for the sameabsorbedenergydensity.However,the high soundspeedof epoxyandPU put a
constrainton the laser pulse duration, which is requiredto be sufficiently lower than the stress
relaxationtime to ensurestressconfinementtherebymaximisingthe acousticpressureHistorically,
PDMS has beenthe first choicein the fabrication of LGUS sourcesguided by polymeis largest
thermal expansioncoefficient. Therefore,no data exists where epoxy and PDMS hanocomposite
sourcesverecomparedo demonstratehat epoxywasa betteralternativeover PDMS. In this thesis,
the pulsedurationof thelaser,whichis 4 nsis notadequateo satisfystressconfinemenin anyof the

CPNsourcesaindtherefore a like-with-like comparisorof the CPN sourcesvasnot possible.
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Table 3-4: Physical propertiesof polymer matrices,borosilicateglass and water*. The other

valueswere obtainedfrom manufactureispecificationssheetsonline databaseand
via literaturesearch89], [102], [114] [120].
Volume thermal Sound- Calculated
expansion Specific heat speed Griineisen Mass Thermal
coefficient, capacity, @ 5 MHz, parameter, density, conductivity,

Material £, Cy Co I Po K
[10°K™] Dke 'Kl [ms™] [Unitless] [kgm™] [Wm 'K]

Epoxy 217 1600 AT 0.90 1097 0.19

PU 280 1800 2122 0.70 1050 0.15

PDMS 907 1350 1052 0.74 970 0.27

Glass 8.4 700 5640 0.38 2230 171

Water 214 4184 1482.5 0.11 998.2 0.56

" The valuesreportedare at laboratory temperaturesand atmospherigoressureexceptwater, which is
guotedat 203 .

Table 3-5;

Estimatedrelaxationtimes, initial temperaturaise and initial pressureamplitudeof
the nine variants of the CPN sources(three polymers each with three MWCNT
wt. %). The physical propertiestabulatedin Table 3-4 along with nominal optical

absorptioncoefficientsrepresentinghe threeMWCNT wt. % tabulatedin this table

and an assumedlaser fluence of 100 *i (or 101 *A ) were usedin the
calculations.
Optical Thermal Stress Initial Initial
absorption  relaxation relaxation pressure temperature
POIY].neI coefficient, time, time, amplitude, 1ise,
matrix Ha Tih Tac Do Ty
[m™] [1s] [ns] [MPa]  [K]
Epoxy 564 6.1 5.8 3.6
PU 64000 769 74 4.5 34
PDMS 296 14.9 4.8 4.9
Epoxy 108 2.7 13:1 8.3
PU 146000 148 32 10.2 7
PDMS 56.9 6.5 10.9 Tel])
Epoxy 524 1.8 18.9 12.0
PU 210000 714 2.2 14.7 L1

PDMS 275 4.5 15.6 16.0
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3.3 Experimental CPN TestProcedure
3.3.1 The TestSetup

The LGUS experimentaprocedureusedto characterisehe CPN sourcess describedn this section.
Broadly, this includes a test setup with an automatedscanningtank, pulsed laser, a broadband
membranehydrophone,and a procedureto accountfor the hydrophoneresponseto convert the
measurechydrophonevoltage pulseto units of pressureThe testsetupusedto measureghe LGUS
responsefrom the CPN sourcess shownin Figure 34. A Q-switched,flashlamppumped,Nd:YAG
(neodymiumdopedyttrium aluminium garnet)pulsedlaser (Nano 120-S, Litron Ltd, Rugby, U.K.)
operatingat 1064 nm with a full-width half-maximumof 4 ns, peakenergyof 1201 *perpulseanda
maximumpulserepetitionrate (PRR) of 20 Hz wasusedfor the study. The expandeeamfrom the
laserwashomogenisedisinga 1500grit groundglassoptical diffuser (ODI). The homogenisedeam
wasweakly convergedisinga plancconvexlensof 100 mm focal lengthto minimisethelossesdueto
scattercausedby the ODI beforepassingthroughthe clear polymethylmethacrylatéPMMA) wall of
the water tank. A membranehydrophone(UT1602, PrecisionAcousticsLtd., U.K.) with a nominal
elementdiameterof 0.2 mm wasusedto measurghe LGUS responseA 5-axis gantrywith rotation
and tilt facilitated by a two-axis manual goniometer stage, and three motorised linear axes
(LNR50S/M, Thorlabs, Ely, U.K.) was usedfor scanningthe LGUS field, and was controlled by
dedicatedsoftware(UMS2, PrecisionAcousticsLtd., DorchesterlJ.K.). A photodetecto(PD) placed
nearthe ODI provideda triggerto the digital oscilloscopg TDS7254,Tektronix, BeavertonOR). The
samplingrate andthe recordlengthwere setto 2.5 GHz and 1250 samplepoints, respectively which
gives a spectralfrequencyresolutionof 2 MHz (limitations in the oscilloscopesettingsmeantthat a
shortacquisitionwindow wasalwaysaccompaniedavith a high samplingrate).A thermocoupleglaced
insidethe PMMA tankwasusedto recordthe watertemperatureThe laboratoryoperatingconditions
maintainedhe temperaturef the waterto around20 1.03 . Eachmeasurementecordconsistedf
acquiring32 LGUS pulsessequentiallyusing the UT1602 hydrophoneand correctingeachpulsefor
fluctuationsin thelaserenergy(pulsepulsevariationwas2.5%aftera one-hourwarmup period)using
the peakvoltageof the PD signalacquiredsimultaneouslyThe corrected_.GUS pulseswereaveraged
andstoredfor lateranalysisAll measurementseretakenat anaxial distanceof 7.4mm (or 5 A @me-
of-flight) from the CPN source.The axis conventionadoptedin the IEC 621271 standards usedin
this thesis:the propagatiordirectionis the z-axis, vertical movementof the hydrophones the y-axis,

andthe movemenbf the hydrophonewith respecto the floor of thewatertankis thex-axis.

3.3.2 Laser Fluence
It is essential that the CPN sources are tested under known illumination conditions in order to (a)
characterise and compare the LGUS signhals from various CPN source types, (b) understand the

requirements of the excitation laser to achieve the desiredupgeamplitude and bandwidth of the
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eventual LGUS pulse, and (c) test tamporalstability of CPN sources under sustained laser excitation.
Therefore, the fluence at the test position of the CPN source within the PMMA tank was characterised for
various factional output energy settings of the excitation laser, which was controlled by a custom fit
motorised phase retardefc waveplate. The laser energies at the CPN test position were measured using

a 20mm diameter pyroelectric energy sensor (ES220@rldlbs, Ely, U.K.). The laser beaanea was
indirectly determined by scanning the LGUS beam from an epasgd CPN source using the
hydrophone. A raster scan was completed over an area of 1.5 cm x 1.5 cm with 0.25 mm step size at an
axial distance of 7.4nm with the peak energy of the laser set to approximately *.Zhe bearrarea of

0.8A | was estimated by summing the areas of all the pixels at which the beam energy was greater than
or equal to 10% (or 20 dB) -adawaslthenugeeta dalculatethere i n
fluencel *A [ , at a number of energy settings of the laser. The fagamwas also determined at one

other energy level of 25 *and using PU and PDMSased CPN sources. The standard deviation in the
beamarea from sixsets of hydrophone raster scans was found to be around 5%. The raster scan of the
LGUS field and the lateral profiles in tlxe andy-dimensions at the peak position of the raster acan

shown inFigure3-5. The laser fluence as a function of fractional energy setting is shdviguire 3-6.

Carbon-polyn‘ler Digital storage Motion
. nanocomposite oscilloscope confroller
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Figure 3-4:  The experimentalsetup. The inset showsa carbonpolymer nanocompositd CPN)
sourcebackedon a laboratorygradeglassslide. The thicknessof the CPN film is
approximately30 A | andwasfabricatedby dispersing3.5wt. % MWCNT in epoxy.
M: Mirror, PCV: planaconcavelens, PCX: planaconvexlens, PD: photodetector,
ODI: optical diffuser, LGUS: laser generatedultrasound, PMMA: polymethyl

methacrylateandPC: personatomputer.
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Figure 3-5:  a Rasterscanof the LGUS field measuredrom an epoxybasedCPN sourceat an
axial distanceof 7.4 mm. The peakhydrophonevoltagesrecordedrom the rasterare
rescaledbetween(0, 1). b Lateralprofiles of the LGUS field in x- andy-dimensions

at the peak position of the raster scanare representedoy circles and diamonds,

respectively.

The lateral beamprofile of the LGUS beamshownin Figure 3-5 is Gaussiannot planar.
Consequentlythe pressurewill not be uniform over the surfaceof the hydrophone,introducinga
spatial averagingerror in the measurementSpatial averaging also occuvghen the pressure is
uniform butif the approachingvavefronthas a curvatursuch asspherical cylindrical, or complex
wave patterns emitted by &maging systemThis is becausthe wavefront relative to the hydrophone
surface will be nonuniformresulting in phase cancellation and hemeduction inthe measured
amplitude which is dependent dhe active element size of the hydrophohkkere, he CPN source is
planar ands excitedby alaser beam with &aussiariateral profilethereforethe uniformity of the
pressureat the measurement locatiés more importantsince thephaseeffects are going to be
smalletr The other advantage tfe laser with a Gassianbeam profileis that the effect of diffraction
can benearly eliminated121]. A laserbeamwith a uniform(top-hat)intensityprofile leads toa sharp
discontinuity in the absorbedptical energy densityalong the optically absorbed and unabsorbed
surface of the CPNThis sharpdiscontinuitygives rise tdboundarydiffraction wave field (toroidal
wave) that is radiateftom the location ofthe edgeof laser beanon the CPN surfacgl22] also
known asthe edgewave In order to isolatehe effects of diffractionin calibration the sourcesensor
separation must be very smailhich is not always practical in an experiment or the laser beam needs

to very widesuch thain both casethe edgewave arrivng after the planavavecan be clearly time
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gated Also, severaldiffractive optical elements areormally required totransfom a usual Gaussian
laserbeam profile to a@op-hat profile, which increases the design complexity of the final LGUS
source For thesereasonsa Gaussian beam profile is more practi@atl to ensurg¢he pressure is
uniform in the central region of thbeamrelative to theactive element size of the hydrophome
simplediverging lens could be usédexpand the laser beam

A methoddevelopedby Zeqiri [25] for toneburstacousticwaveformspreviouslydiscussed
in Sec.1.1.3.3was appliedto estimatethe size of the spatialaveragingerror. The 6 dB spectral
beamwidth averagedin the x- and y-dimensionsup to 100MHz was 6.5mm with a standard
deviationof 1.1 mm. The frequencydependengffectivehydrophonadiametemwascalculatedusingan

empiricalrelationdd Q@ ON @O pjt'Q ,whered Qs thefrequencydependeneffective
radius,® is thegeometricaradiusand Qs frequencyin MHz [123]. For the UT1602hydrophonehe
calculatedeffective hydroghone diameter¢ @  "Q, at the two extremefrequenciesof 2 and

100MHz were approximately0.54 and 0.2 mm, respectively.Using a lower limit of 5.4 mm for the
beamwidth, the magnitudeof the spatialaveragingerror at 2 MHz and 100MHz were calculatedto
be around0.3% and0.04%,respectively Sincethe spatialaveragingerrorsare small, no corrections

wereappliedto themeasured. GUS responsefrom the CPN sources.
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Figure 3-6: Laserfluencecalculatedfor variousfractional outputenergysettingscontrolledby a

customfit motorisedphaseretarder_f¢ waveplate and the beamareadetermined

from therasterscanin Sec.3.3.2

3.3.3 Hydrophone
The UT1602 membranehydrophoneusedto measurethe LGUS pressurepulseswas fitted with a

submersiblepreamplifier and DC coupledto a 50q output impedance.The hydrophonewas
calibratedfor its endof-cableloadedmagnitudesensitivityresponseip to 60 MHz andfor the phase

responseup to 40 MHz [29], [30]. The measuredphaseresponsewas obtainedusing a relative
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technique which requiresthe magnitudesensitivity of the referencenydrophoneo be flat, implying
that the underlying phaseresponsds a constantfunction of frequency[124]. Sincethe magnitude
sensitivityresponsef the referencehydrophonevasonly flat up to 40 MHz, therefore the technique
usedto measurehephaseesponsef UT1602hydrophonedid not extendbeyond40 MHz.

The initial measurementdom CPN sourcesshowedthat the LGUS pulseswere inherently
broadbandvith non-negligible frequencycontentup to andbeyond100MHz. Therefore,in orderto
obtaina betterestimateof the characteristicof the LGUS pulsessuchasthe peakpositive pressure
andbandwidth the frequencyresponsef the hydrophonewvasalsopredictedfrom 1i 110MHz using
a 1D analyticalmodel previously developedat NPL. The model hasbeenvalidatedagainstNPLG
primary standardup to 60 MHz [125]. The accuracyof the modelis reliant on knowing the acoustic
propertiesof each hydrophonelayer, and in-situ electric and piezoelectricpropertiesof PVDF.
Therefore,during model evaluationa destructiveapproachwas takenby the authorsof Refs.[28],
[125] to measurdor examplethe in-situ electric propertiesof a single hydrophone The magnitude
andphaseresponsegpredictedby the modelfor a bilaminarhydrophong GEC MarconiLtd) is shown
in Figure 3-7. Plotted alongsidethe predictedmagnituderesponseare the averageand standard
deviationobtainedfrom the measuremerdf 14 nominally identicalhydrophonegalibratedon NPLGs
primary standard[24]. The relative standarddeviationin the measureddata acrossthe frequency
range is nearly 20%, which perhapsprovides an indication of the tolerancesassociatedwith
manufacturingnembrandiydrophones.

25 pm film thickness, 0.5 mm diameter bilaminar sensitivity

150 25 pm film thickness, 0.5 mm diameter bilaminar phase
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Figure 3-7: Left: Predictedendof-cable opencircuit magnitudesensitivity responseshown as
continuousline for a bilaminar hydrophonewhosefilm thicknesswas25A | andan
activediameterof 0.5 mm. The dottedcontinuoudine is anaverageof measureeénd
of-cable magnitude sensitivities from 14 nominally identical GEC Marconi
hydrophonesThe lower and upper curvesrepresenione standarddeviationin the
measuredlata.Right: Predictedphaseresponsef the hydrophone Reproducedvith
formatchangedrom [125], Copyright2005,with permissiorfrom Elsevier.
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In this thesis, to avoid having to destructively characterisethe hydrophone,agreement
betweerthe measuredind modelledresponsevas obtainedby solving an optimizationproblem.The
initial estimatesof the modelinput parametersuchasthe hydrophoneslementdiameter Jengthand
width of the signalcarryingelectrodesttachedo the active electrodeandtheir electricalresistance,
the lengthof interconnectable,preamplifiergain, andthe input impedancewere obtainedfrom the
manufacturer(Precision Acoustics Ltd). These parameterswere varied within a manufacturer
toleranceof 10i 25%, exceptfor the preamplifiervalues,until closeragreementvasachievedwith the
measureddata. The piezoelectriccoefficient,Q [#. ], andthe frequencydependenttomplex
relative permittivity, - , were optimisedby minimising a costfunction definedasthe sumof squared
differencebetweernthe measuredandmodelledmagnituderesponsesgup to the measuredrequency).
The minimisation was accomplishedin MATLAB ® using a quasiNewton method implemented
within anunconstrainednultivariablefunction solver,fminunc The measuredndthe predictedend
of-cableloadedhydrophonesensitivitiesare shownin Figure 3-8. The initial and optimised model
input parameterseturned bythe solverfminuncare shown inrable 3-6. No uncertainy analysis was
performed on the modelled dabait the uncertaintie®n the measured dateas extrapolated up to

110MHz assuming a linear increase in uncertainty with frequency.
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Figure 3-8: Measured(circles) and predicted magnitude sensitivity and phase responsesof
UT1602hydrophoneareshownin a andb, respectively The grey uncertaintycurves
on themeasuredlataup to 60MHz wasalsoextrapolatedip to 110 MHz assuminga
linearincreasdan uncertaintywith frequency.The uncertaintieare expresset 95%
coverageinterval (k = 2). The uncertaintiesincreasefrom 4.7% to 38% with

frequencyfor the magnitudesensitivityandfor phaset is 0.001to 3.0rad.
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Table 3-6:

Initial Source Design

The initial and the optimisednodel input parameters returned bMMATL AB 6 s

unconstrained multivariable function solfatinunc

Model input parameters

Initial values

Optimised values

Element diameter [mm] 0.2 0.22

Leg length [mm] 45 45

Leg width [mm] 0.15 02

Leg DC resistance [Q2] 150 114

Cable length [mm] 20 10

Cable impedance [Q] 2 1

ds3 [pC N1] 14 10.5

Abs. relative permittivity ~ —2.82log,,(f) +26.7 —4.59f01402 1+ 10.8

Loss tangent 0.22 + 0.07 log,,(f) 1 -5 MHz:

—0.055 log,,(f?) —2.844 exp(—0.04127f)

+ 0.03559 exp (—1.73f)
6—110 MHz:
0.5714f95155 — 4202

fis in MHz.

3.3.4 Deconvolution

The electrical responseof the LGUS pulse acquiredfrom the hydrophoneat an axial distanceq,
6 o wasconvertedo apressureulser) ¢ |, via deconvolutior{20]

N aho . 6o 8 (3.1
n T g I‘Q .

Here, and_  arethe Fourier and inverse Fourier transformsin time respectively,and
U "Q is thepredictedcomplexsensitivityresponsef the hydrophondrom Sec.3.3.3

The deconvolutionprocessthoughsimple in implementation requiresregularisationwhen
measuringbroadbandultrasound pulses whose frequency content exceedsthe known frequency
respons®f the hydrophoneTo facilitate the computatiorof Eq.(1.26), thel "Q datafrom 111 MHz
to 1.25GHz wasassignedhe samesensitivityvalueasat 110MHz andto avoiddivide by zeroerror,
andthe sensitivityat 0 Hz wasassignedhe samesensitivityvalueof 1 MHz for the samereasonThe
sensitivity of UT1602 hydrophoneat 110 MHz is a factor of 10 lower relative to the resonance
frequency(seeFigure 3-7) and sincethe signal contentbeyond100MHz is also closeto the noise
floor (seeFigure 3-9), the division operationin Eq. (1.26) amplifiesthe noisepresentin the voltage
signal,6 ¢ , after deconvolutionn orderto supresghe high-frequencynoisein the deconvolved
pressurepulse (seetop-row of Figure 3-11), a finite impulse responsdinearphaselowpassdigital
filter wasappliedto removefrequencycomponentdeyond110MHz. The high-frequencycut-off for

thefilter andthe numberof filter coefficientsweresetto 110MHz and24, respectively This resulted
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in an attenuatiorof at least26 dB of the magnitudecomponentdeyondtwice the cut-off frequency
[126]. The magnitude and phase response of the filter is showfigure 3-10. The filtered
deconvolvegressurgulseis shownin the bottomrow of Figure3-11

25— : - - - 1.2
20t 11~
= 197 Z 08|
| S— 10 . | N
> 0.6
& 57 3
©° ©04¢ /
S 0 e S .
5t 0.2}
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(a) Time [us] (b) Frequency [MHz]

Figure 3-9:  a Hydrophone voltage pulse acquired using UT602 hydrophone when anleqsey
CPN source with 1.25 wt. % MWCNT was excited with a fluence df 81 . Db
Magnitude spectrum shown up to 20®z. The hydrophone pulse was acquired at a
sampling frequency df.25GHz and the record length was 1250 sample points.

Theregularizationof the deconvolutiorof hydrophonevaveformsis currentlyanactivefield
of study[30], [33], [34], [127], [128]but thereexistsno standardize@pproachA methodto estimate
the uncertaintyboundsof the deconvolvedhydrophonetime-series waveform has been recently
developed129], which may be usefulwhenreportingof absoluteexposureparameterérom medical
equipmentis requiredfor regulatorypurposeslin contrastto all previouswork, the challengesof
deconvolutionwith a limited calibrationfrequencyrangehasbeenpartly overcomein this thesisby
extrapolatinghe measuredespons®f the hydrophondo beyond100MHz. Sincethe primary aim of
the presentstudy was to assesghe relative performanceof 27 different CPN sourcesfor their
suitability asanultrasoundsourcefor hydrophonecalibrations the regularizatiorproceduredescribed

herewasdeemeddequate.
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Figure 3-10. a Normalised magnitude response of thlEBVIEW built-in finite impulselow-pass
filter function whosehigher cutoff frequency was set at 1MHz and 24 filter
coefficients were usedb Unwrapped filter phase respondeor the purpose of
visualisation,the filter responses arshown onlyup to 300 MHzrather than the
Nyquist frequencyf 1.25 GHz.
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Figure 3-11:  a Deconvolvedpressurepulse obtainedby applying Eq.(1.26) using the hydrophone
voltagepulseshownin Figure 3-9(a) andthe regularisedoredictedsensitivity responsef
thehydrophoneshownin Figure 3-8. b Magnitudespectrunof the pressurgulseshownin
a. ¢ PostFIR lowpassfiltered pressurepulseshownin a. d Magnitudespectrumof the
lowpasdiltered pressurgulse.
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3.4 Experimental SourceCharacterisation

In this section,the peakpositive pressurefy and 6dB bandwidth,6 «yp, of the LGUS pulse
obtainedfrom the 27 CPN sourcesarecomparedBut first, the interfacialreflectionsarisingfrom the

designstructureof the CPNsourceis described.

3.4.1 Interfacial Reflections

The extentto which the acoustidmpedancef the CPN sourceaffectsthe LGUS pulseis describedn
this subsection.A schematicof a glassbackedCPN sourcesandwichedbetweentwo water half-
spacess shownin Figure 3-12. The acousticimpedanceof water,glass,and CPN sourcearedenoted
asa ,a anda , respectivelyThe dimensionsof glassbackingand CPN sourcealongthe z-axisis
approximatelyto scale.For the sakeof discussionthe sourceis modelledas 1D and stressconfined.
Therefore,the initial pressurefy & , leavingthe CPN sourcewill divide into two equal parts,one
propagatingo theleft,; 0 andthe otherto theright,rj 0. The hydrophones locatedin waterto
the right of the CPN source.The two waves,whenthey arrive at the edgeof the CPN source,are
presentedvith CPN-glassand CPNwater interfacesrespectivelywherestepchangesn the acoustic
impedanceccur.Thereforetheamplitudeof thewavesenteringinto eachmediumis dependenbn the
transmissiorcoefficientseenby the wavefrom the CPN source Similarly, the amplitudeof the waves
reflectedwithin the CPN sourceis dependenbn the reflection coefficient; the polarity of the wave
reflectedwill eitherremainthe sameor undergol8QJ phasanversion.

The acoustictransmissiorand reflection coefficientsfor the three polymersfor CPN-glass
andCPNwaterinterfacesarelistedin Table3-7.

For an incidentplanewave, the equationdor the pressurdransmissiorcoefficient,”Yiandthe
pressue reflection coefficient,’Y, for a wave enteringmedium 2 of acousticimpedanceg  from

mediuml of acoustidmpedance@ is givenby [130]

Y o—— _h (3.2)

Y ——8 (3.3)
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Table 3-7: Acoustic pressure transmission,”Ya and reflection, "Yh coefficients for a wave
propagatingrom the CPN mediuminto eitherglassor water mediums.The acoustic
impedancedor each medium was calculatedusing soundspeedsand densitiesfrom
Table3-4. ThetransmissiorandreflectioncoefficientswerecalculatedusingEq. (3.2) and

(3.3), respectively.

Medium Medium
il]‘terface ) 4 cpn-glass R cpn-glass il]‘tel‘face & cpn-water R cpn-water
Epoxy-glass 1.63 0.63 Epoxy-water 0.69 —0:31
PU-glass 1.70 0.70 PU-water 0.80 —0.20
PDMS-glass 1.85 0.85 PDMS-water 1.18 0.18

Zg Zepn

Water half-space Glass backing Water half-space

Figure 3-12  Schematicof glassbackedCPN sourcesandwichedetweentwo water half-spaces.
Dimensionsalong the z-axis is approximatelyto scale.The acousticimpedanceof

water,glassandCPNsourcearedenotecasd , & andda |, respectively.

Example voltage time-seriesacquiredusing UT1602 hydrophoneover a long acquisition
window, which includesinterfacial reflections,are shownin Figure 3-13 and Figure 3-14 for epoxy
and PDMS-based glassbacked,CPN sourcesrespectivelyIn both figures, the plot areais divided
into two regions.Regionl correspondso theinitial transmittedpartofr o throughthe CPN-water
interface,nitial 0 first reflectedatthe CPN-glassinterfaceandthentransmittedhroughthe CPN-
waterinterface andits subsequenteflectionsat the CPN-waterand CPN-glassinterfaces.Sincethe
thicknessof the CPNsources very small,theinterfacialreflectionsimmediatelyfollow the preceding
wave.Thewavesin Region2 arecomposedf theinitial partofr; 0 transmittecthroughthe CPN-
glassinterfaceandthe wavesreturningafter reflectionsat the glasswaterand glassCPN interfaces.
After successivénterfacial reflections,the wave amplitudescontinueto diminish coupledby wave

attenuatiorwithin the CPNsourcewhich s significantly highercomparedo wateror glass.
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Figure 3-13: The main LGUS pulse and the interfacial reflectionsrecordedfor an epoxy-based
glassbackedCPN source.The negativegoingwaveappearingafterthe main pulsein
Regionl is becausehe reflectioncoefficientfrom epoxyCPNinto wateris negative
andit is positive for epoxyCPN into glass.Similarly, the polarity of the interfacial
reflectionsin Region2 are affectedby whetherthe reflection coefficientis either
positive or negative at various interfaces.The CPN was loaded with 2.5 wt. %
MWCNT andtheappliedfluencewas20i *A [ 8
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Figure 3-14° The main LGUS pulse and the interfacial reflectionsrecordedfor an PDMS-based
glassbackedCPN source.The positivegoing wave appearingafter the main pulsein
Region 1 is becausehe reflection coefficientis positive at both PDMS-CPN into
waterandPDMS-CPN into glassinterfaces.The polarity of theinterfacialreflections
in Region 2 are affectedby whetherthe reflection coefficientis either positive or
negativeat variousinterfaces.The CPN wasloadedwith 2.5wt. % MWCNT andthe

appliedfluencewas20i *A | 8
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3.4.2 Effect of Polymer Type

The LGUS pulsesandthe correspondingpectraobtainedfor an appliedfluenceof 101 *A |  from
epoxy, PU, and PDMSbasedCPN sourcesare shown in Figure 3-15. The CPN sourceswere
dispersedvith 3.5wt. % MWCNT andtheir respectivethicknessesvere26 + 5A [, 27+ 4A [ and
34+ 2A10. Thery of epoxy, PU, and PDMSbasedCPN sourceswere 1.5, 2.5 and 4 MPa,
respectively.At a first glance,the increasein pressureseemsto be correlatedwith the polymeigs
volumethermalexpansiorcoefficientratherthanthe GriineiserparametefseeTable 3-4). However,
for a 3.5wt. % MWCNT loading, the stressrelaxationtimes for epoxy, PU andPMDS-basedCPN
sourcesare2.2,2.2,and3.9 ns, respectivelycalculatedusing’  valuesfrom Table3-3 and® values
from Table 3-5. Therefore,the effect of the Griineisenparameterof the polymer on the measured
LGUS pulse cannotbe appreciatedwhen stressconfinementcondition is not met. According to
Table3-5, only oneof the nine CPN variantsi.e., PDMS with 1.25wt. % MWCNT seemdo satisfy
stressconfinementwith 14.9 ns againstthe laserdurationof 4 ns. Also, the amplitudeof the
pressurewvave transmittedinto water from the CPN is dependenbn the transmissiorcoefficient of
CPNwaterinterface.Thereforegvenin the eventof stressconfinementfor absolutecomparisorthe
transmissiorcoefficientsof thethreepolymersmustbetakenin account.

Thed wxyp of epoxy,PUandPDMS-basedCPN sourcesare34,20 and14 MHz, respectively.
It canbeenseenthatthereis nonnegligible spectralcontentevenat 100 MHz, which is in the range
of 5 2kPa dependingthe polymer type. However,6 axp was found to be more consistentfor
reportingbandwidthcomparedo say 10 or 20 dB asthe spectralcontentat thesethresholdlevels

werevariabledependingonthen levels.
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Figure 3-15.  Effect of polymer type on the LGUS for an appliedfluenceof 101 *A [ 8Each
polymer was loaded with 3.5 wt. % MWCNT. The thicknessof epoxy, PU and
PDMS-basedCPN sourceswere 26A | (5A 1 h27 AT (4A 1) and34A 1 2A 1),

respectivelyThe parentheticakntriesareonestandardieviation.
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3.4.3 Effect of Thickness

The optical absorptiondepths,pj © , for nominal* valuesof 64000,146000and 210000i
which representl.25,2.5 and 3.5 wt. %, are approximatelyl5.6,6.8 and4.8A |, respectively The
CPNfilm thicknessshouldbeideally equalto the optical absorptiordepth.If the CPNfilm thickness
is muchgreaterthanpj * thenthe wave mustpropagatehroughthe excessegionof the CPN film.
This will causeit to be attenuatedsincethe acousticabsorptionof polymersis significantly higher
thanwater (for example at5 MHz the acousticabsorptionin wateris 0.055A "A | whereador the
particularpolyurethangpolymerusedin this thesisit is 45A "A | , morethana factor of 800 larger
thanwater).

The effect of thicknessfor the PU-basedCPN sourceis shownin Figure 3-16. The applied
fluence was 101 *A | and each polymer was loaded with 1.25 wt. % MWCNT. The three
thicknesse®f the CPN sourceswere28 A | (2A 1), 51A 1 (6 A1), and85A | (7 A ) andtheirn
were 1.68, 1.57 and 1.34MPa, respectively.In the spectralplots of Figure 3-16, the loss of high
frequencieswith increasingthicknessare evidently seenpatrticularly after 40 MHz. To know the
absoluteacousticattenuatio in the CPN, a measurementf pressurepulsepropagatedn wateronly
mediumand anothermeasuremeniith CPN in the propagatiornpath are required.Additionally, the
acoustidmpedanceof the CPN alsomustbe knownto correctfor the effectsof impedancamismatch
betweenwaterand CPN [131]. Sincesucha measuremenivas not possible,relative loss estimates
were obtainedin which the spectralmagnitudesf 51 and85A | thick CPN sourcesvere compared
with the spectralmagnitudesof 28 A | CPN source.This is shownin Figure 3-17 for frequencies
40 MHz and above.The loss is amplitudeis nearly 40% at 100MHz for 85A | thick CPN source
comparedo 28 A | thick CPNsource.

2 ' ' 102 freie %, ' j ' 1
28 um (2 um) d -!‘:"'a. 28 um (2 um)
= 15 —STpm (G um) 1 — i =51 pym (6 pym)
% 1 —85 um (7 ym) i ‘uﬁ::. =~ 85 um (7 ym)
o I 1 o i,
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® @1l e,
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Dt o l.'k. .m“"-q
-0.5 ' : : : : : : .“‘\'
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Time [us] Frequency [MHz]

Figure 3-16. Effect of PU-basedCPN sourcethicknesson LGUS pulseandits magnitudespectra
areshown.The appliedfluencewas10i *A | andeachpolymerwasloadedwith
1.25wt. % MWCNT.
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Figure 3-17.  Relativeamplitudelossof 51 and85A | thick PU-basedCPN sourcesomparedigainst

the28 A | CPNsourcecalculatedisingamplitudespectrashownin Figure3-16.

3.4.4 Effect of Fluence

The absorbedenergy density, ‘ , in a CPN can be increasedfor a given optical absorption
coefficient,' by increasinghe laserfluence, , which resultsin increasedressuregeneratedy a
CPN source.All 27 CPN sourceswere testedat four fluencelevelsof 10, 20, 30 and40i *A |

Thesefluencelevelsarein the rangeof thoseappliedin variouspreviousstudies(seeTable2-1). The
effectof fluenceon LGUS for epoxy,PU andPDMS-basedCPN sourcedor arbitrary CPNthickness
andMWCNT wt. % are shownin Figure 3-18, Figure 3-19 and Figure 3-20, respectivelylt is seen
thatthe peakpositivepressuréncreasesvith fluencefor eachCPNtype,buttheincreasds notlinear.
Additional measurementweremadeon epoxy,PU andPDMS-basedCPN sourcesf 10A | nominal
thicknessover a fluencerangeof 0 . 7 | 5A21 to confirm that the observedpressureversus

fluencerelationshipwasindeednonlinear which is shownin Figure3-21.



Figure 3-18

Pressure [MPa]

Figure 3-19:

Pressure [MPa]

Figure 3-20:

Pressure [MPa]

4
——10 mJ cm™?
3F ——20mJom? |
30 mJ cm™
2t ——40 mJ cm™>
1 L
0 -
_1 L 1 i
4.95 5.00 5.05 510
Time [us]

—

P O 2N WAoo N

[RCTR O R S ) B =)

95 500

Experimental Source Characterisation

5419

10° -
~*=40 mJ om2
soee -+ 20 mJ cm™2
T i = -2
o 402k b 30 mJ cm
ac 107 foo=endy o 2
= ?"""""’-agfﬁ‘q 40 mJ cm
CI‘_J 3 e,
? g gy
@ """':‘.‘tu...,"'""'.."
©10'f e
o "-‘..io‘.‘-‘
10°

0 20 40 60 80

100
Frequency [MHz]

93

Effect of a laserfluencefor an epoxybasedCPN sourcewith 1.25wt. % MWCNT

and27A I thick.

——10mJ cm™

—20mJcm™
30mJem™

——40 mJ cm™>

2.
2

5.05
Time [ps]

5.10

Effect of a laserfluencefor a PU-basedCPN sourcewith 2.5 wt. %

51A i thick.

5.15

—10mJem? |
——20mJom™? |
30 mJ cm™2 i
——40mJ em™
95 500 505 510
Time [ps]

5419

10°
i~y o240 mJ om™2

. SN =20 mJ om 2
Ql? 102';!‘“'-.:':. % = 30 mJ cm™> |
Fac i ",. "e="ueea, 40 md cm 2
E -‘-‘.b.‘-':::.."-mo
? Mo """‘”:::"-\“‘
D 101k \"”“'\.‘::- v
e 10 ."q
o o

10°

0 20 40 60 80 100

Frequency [MHz]

Pressure [kPa]
5—\

2
2

10 md em
20 md em”

.
“‘:&2’ 30 mJ cm™>

ot e i
."'393’5!3_""“'"'40 mJ em 2

\\‘3

=
o
o

20 40 60 80
Frequency [MHz]

100

MWCNT and

Effect of alaserfluencefor a PDMS-basedCPN sourcewith 3.5wt. % MWCNT and

55A | thick.



94 Initial Source Design

-
o

(04}
T
\

Pressure [MPa]

0 10 20 30 40 50 60
Fluence [mJ cm"2]

Figure 3-21: Extendedfluence dependencymeasuremenbf epoxy, PU and PDMS-basedCPN
sourceswith 2.5wt. % MWCNT and10A | nominalthicknessThe continuoudines

arefourth orderpolynomialfit to the measurediata,which arerepresenteth circles.

The nonlinearincreasein peakpressurewith fluencewas commonto all 27 CPN sources.
This nonlinearincreasein the peakpositive pressureas a function of applied fluence has been
previously reportedfor CPN sourcesmade of allotropesof carbon and also gold nanoparticle
nanocompositefB3], [97], [132] Thereasos for this nonlinearincreasehavebeenattributedto the
bandwidth limit of the hydrophone saturating its response[83], partial detachmentof the
nanocompositdilm from the glassslide [97], and acousticattenuationof LGUS pulse within the
nanocomposit§l32]. In contrastthe nonlinearincreasean pressureamplitudewith fluenceobserved
in this studyis attributedto the nonlinearpropagatiorof LGUS in water.It wasalsoobservedhatthe
nonlinearincreasen pressureamplitudewasaccompaniedby a decreasén BW§G which canbe seen
in the spectralplots of Figure 3-18 comparedo Figure3-19 andFigure3-20. This is attributedto the
broadeningf thetime-seriespressurepulsealso asa consequencef the nonlinearpropagatiorof the
LGUS pulseandrapidabsorptiorof high MHz frequencieselativeto low MHz frequencieslt should
be notedthat the bandwidthis a relative measuravhich describeghe width of the emittedspectrum
relative to the spectralpeak,so a decreasen bandwidthdoesnot necessarilyimply that the higher
frequencyspectraimagnitudesavedecreasedisthe overallamplitudemay haveincreasedlt is seen
in all thetime-seriespressurepulsesshownin this thesisthatthereareundulationson thetrailing side
of the pulse.Becausehe hydrophonedoesnot capturethe full frequencycontentin the signal,the
undulationsare a consequenceof this limited bandwidth, which is investigatedtogether with

nonlinearpropagatiorin Chapter.

3.4.5 CPN SourceComparison

The main difficulty in comparingthe nine variantsof the CPN sourcegpolymertype and MWCNT

wt. %) underidenticalexperimentatonditionsis thatthe durationof the laserpulseusedin this thesis
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was not adequatdo ensurestressconfinement.However,intra-comparisonof CPN sourcessuchas
the effectof thicknessor effect of fluenceis not dependenbn whethertherewasa stressconfinement
or not. Neverthelessin orderto presentas much of the measurementlataas possible,thery and
6 «p from 30 and50 pm nominally thick CPN sourcedoadedwith 1.25,2.5and3.5wt. % MWCNT
areshownasr| versusd wy plotsin Figure 3-22, Figure 3-23 and Figure 3-24. The tradeoff of n
andd «yp as a function of laserfluenceis clearly appreciablein the following plots. The pressure
generatedirom PDMS-basedCPN sourcesis promising comparedto epoxy or PU-based CPN
sourcesAs with bandwidth,the reductionin BW6 appeargo be largely a consequencef nonlinear
propagationwhich will beinvestigatechumericallyin Chapter4. However the reductionin BW6can
be reducedby makingmeasurementsloserto the CPN sourcesothatlossof high frequencieslueto

acousticabsorptioraresmalker.
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Figure 3-222  Effect of polymer type, laser fluence and CPN film thicknessare shown for a
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Figure 3-23:  Effect of polymer type, laser fluence and CPN film thicknessare shown for a

MWCNT loading of 2.5 wt. %. The filled square,diamond, triangle, and circle
representppliedfluencesof 10,20,30,and401 *A |
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3.4.6 CPN SourceStability

A fundamentatequirementn the calibrationof hydrophonesisinginterferometnyis thatthe hydrophone
voltagemeasuremerdandthe correspondingelocity or displacemenineasuredisinga pellicle mustbe
madein identicalacousticfields. This thereforerequiresthe sourceto be stableover the durationof the
calibrationprocedureThe stability of the acousticoutputsfrom CPN sourcesvereassessely analysing
the peakpositivevoltagesof the hydrophoneneasurementsndersustainedaserexcitation.The stability
testcomprisedatotal of 28 CPNsourcesncludingfour of thesourcedistedin Table3-2. Therewereten
epoxybased eight PU-basedand ten PDMSbasedsourcesTwo of the epoxybasedand threeof the
PDMS-basedsourcesvereof 1.25wt. % MWCNT andthe restwereof 2.5wt. % MWCNT. The CPN
film thicknessrangedfrom 10i 55A . The measuredydrophonevoltagepulseswere not correctedfor
pulseto-pulsechangesn thelaserfluencesince aftera periodof onehourwarmup, theydid not makea
noticeabledifferenceto the hydrophone voltages.Each sourcewas testedinitially at 201 *A i and
20Hz PRRfor a period of one hour. If the sourcewas found to be stable,thenthe measuremenivas
repeatecht 301 *A |

hoursandafurtherfew sourcesveretestedon a differentdayto ensuraheyremainedstable.

and 20 Hz PRR. A selectnumberof stablesourcesveretestedfor up to three

Epoxy-basedCPN sourcesveregenerallyfoundto be unsuitablealongwith a coupleof PU-
basedCPN sourcesDuring the courseof sustainedaserexcitation,the CPNfilm would detachitself
from the glassdirectly over the laserillumination area,which was observedasa suddendropin the
hydrophoneoutput voltage. The film detachmenimostly occurredat a fluenceof 301 *A 1 . A
combinationof slow wateringressiorandtensilestressest the CPN-glassinterface,which increases
with appliedfluence,werepossiblythe two reasongor detachmentAlso, for thethreepolymerbased
CPN sourceghe surfacechemistryof the glassslide wasnot modifiedto ensureglassand CPN films

adheredstrongly,althoughthe glassslideswerethoroughlycleanedfirst with detergenandthenwith
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acetoneand methanolsolvents,to removegreaseand organicdepositsfrom the surface.For epoxy
basedCPN sourcesafter beingstoredfor aboutsix-monthto ayear,flaking or entirefilm detachment
wereobservedTheseobservationsredepictedn Figure3-25.
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Figure 3-25. Theplot andimagesshownareuncorrelatedandrepresentsariousepoxy-basedCPN
sourcesa Normalisedpeakpositive hydrophonevoltagetime historyobtained from
unaveragedaingleshot waveform acquisition@veraging over 32 repetitions was not
used as discussed in S8a&.]) for a fluenceof 301 *A | and20Hz PRR. The
CPNfilm detachedwithin the first 5 min of sustainedaserexcitation.b Flaking of
CPN film. ¢ CompleteCPN film detachmentd Film detachmentorrespondingo
central laser illumination area seen as a bubble under the glass surface at
30f *A i and20HzPRR.

Thevoltagetime trendsof four PU andPDMS-basedCPN sourcesareshownin Figure3-26 and
Figure 3-27, respectivelyThe CPN sourceTAAQ6 in Figure 3-26 is oneof thetwo sourceghatfailed at
300 *A 1 in atestbatchof eight sourcesAs with epoxybasedCPN sourcs, there was a partial
detachmenof the PU-basedCPNfilm from the glassoverthe areaof laserillumination. The voltagetime
trends commonly showeda behaviourin which the LGUS gradually decreasedand, in some cases,
increasedThe maximumchangeoccurredwithin thefirst 30-min periodof about6% exceptin the caseof
SAA16 (seeFigure 3-27). After the 30-min period, the averagechangewas about 0.5% for each

successiv80-min of laserexcitation.
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Figure 3-26. The voltagetime trendsof variousPU-basedCPN sourcesacquiredusinga 0.2 mm
diameterhydrophone.The light and dark grey plots are peakpositive voltagesof
unaveragedsingleshot hydrophonewaveform measurementgaveraging over 32
repetitions was not useab discussed in Se.3.1) at a laserfluenceof 201 *A |
and30i *A | hrespectivelyTheunderlyingwhite curveswereobtainedby fitting a
smoothingspline.

The observedroltagetime trendswerecomparedvith the changen temperaturef the CPN
medium,which wasdeterminedoy measuringhe surfacetemperaturef a PDMS-basedCPN source
nearthe regionof maximumlaserfluence.The temperaturavas measuredisinga K-type thin-wire
thermocoupleonnectedo a datalogger.For afluenceof 301 *A [ , the surfacetemperaturef the
CPN increasedby 8.53 within 30s from the ambient temperatureand became stable in
approximatelyl0 min (Figure 3-28). The temperaturéncreasethereafterwasonly 0.23 overa 50-
min measuremerperiod. The measuredCPN surfacetemperaturgrofilesfor otherfluencesarealso
shownin Figure3-28. Sincethe Griineiserparameteis temperaturaependentthe LGUS amplitude
is directly affectedby the local temperatureof the CPN medium.Oncea temperatureequilibrium is
reachedthe changein LGUS output should be constantor minimal, which agreeswith the

observationgresentedn Figure3-26 andFigure3-27.
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The voltagetime trends of various PDMSbasedCPN sourcesacquired using a
0.2mm diameter hydrophone.The light and dark grey plots are peakpositive
voltagesof unaveragedingleshot hydrophonewaveformmeasurementéveraging
over 32 repetitions was not used as discussed in3Skf). at a laser fluence of

2001 *AT and 300 *A 1 , respectively. The underlying white curves were

obtainedby fitting a smoothingspline.
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different fluences. The temperaturelabel on each curve is the CPN surface

temperaturgust beforethe laserwasturnedoff.
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Thoughthe observedCPN stability is notideal, it is alreadyconsiderecadequatevith regard
to allowing the calibrationof hydrophoneswith acceptableuncertainties Equipmentmanufacturers
normally recommenda minimum switch on time to guaranteehat measuremeninade using their
equipmentarewithin a quotedperformancesnvelop.Therefore the standardbperatingproceduregor
hydrophonecalibrationinvolvesswitchingon all equipmentor at least30 min beforebeginningwith
measurementsincethe maximumvariability of the CPN sourcealsooccurswithin the first 30-min
period, the CPN source could be left to operatefor a set duration before using it to calibrate
hydrophons. Additionally, the calibration of a hydrophoneon the primary standardinvolves
obtaining a pair of measurementd,e., a hydrophonevoltage signal and the interferometersignal
correspondingo eitheracousticdisplacemenor particle velocity, which areacquiredconsecutively.
Thesemeasurementare normally completedwithin 20 min and at least six pairs of independent
measurementare takento obtain confidencein the calibrationdata. If the LGUS outputgradually
changesthena gradualchangein sensitivity canbe expectedover the durationof the calibration. A
correction relative to the first sensitivity measurementould be applied retrospectivelyto the

subsequergensitivitydataprovideda gradualchangds clearlyidentifiable.

3.5 Conclusion

The aim of the work in this chapterwas to experimentallyexplore a suitable nanocompositend
sourcefabricationmethodguidedby previouswork in this areareportedn theliterature.This chapter
hasdemonstratethat CPN fabrication usingmechanicatispersionof MWCNT in polymervia shear
mixing and coatingthe resultingmixture on a glassslide is an adequatenethodto produceLGUS
sources By varying the polymer type, weight contentof MWCNT in polymer and film thickness,
peakpositive pressuresip to 9 MPa and bandwidthwith non-negligible frequenciesup to 100MHz
wererealisedfor alaserfluenceof 501 *A [ 8Thekey findingsfrom the studyareasfollows.

An absolutecomparisorof CPN sourceqdifferent polymertypesandfixed MWCNT wt. %)
basedon their LGUS conversiorefficiency cannotbe madewith arbitrarylaserpulsedurations.This
is becausdhe stressrelaxationoccursat differenttime ratesfor eachpolymer,which is governedoy
the polymeits soundspeedFurthermorefor absolutecomparisorthe transmissiorcoefficientsof the
CPNinto themediumto whichit is coupledalsoshouldbe considered.

The CPN source aretypically more absorbingthanthe pure matrix material therefore the
thicknessshould ideally be equal to the optical absorptiondepth or where possible as thin as
practicallyachievablgo minimiseunnecessargcousticabsorptiorandlossof high frequencies.

The stability of the CPN sourcesunder sustainedlaser excitation revealedthat generally
epoxyandto a lesserextentPU-basedCPN sourcesvereunsuitableasa stablesourceof ultrasound.
The failure in most caseswas the detachmenof the CPN film from glassoccurring mostly at a

fluenceof 301 *A 1 . A combinationof water ingressionand tensile stressesat the CPN-glass
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interfacewerepossiblythe two reasongor debondingof the CPNfilm from glass.PDMS-basedCPN
sourcesverefoundto be moststable.A steadychangein LGUS outputwasobservedrom all stable
CPN sourcesafter the first 30 min at a rate of 1% per hour. Simple assumptionsuggesthat this
steadydecreasavould havea negligibleconsequencen hydrophonecalibration.

The peakpositive pressuregrom the CPN sourceswere found to be nonlinearlydependent
on the laserfluenceandthe bandwidthscaledinversely proportionallyto the peakpressureThis is
hypothesisedo be dueto the effect of nonlinearpropagatiorof LGUS pulsein waterwhoseeffects
increaseswith both pressureamplitude and propagationdistance.This is explored further using

numericalsimulationsin Chapter.



Chapter 4

Numer i c al Si mul atil on

4.1 Introduction

In this chapter, the steepening of the tiseeies pressungulse with pressure amplitude and the effect of

a bandlimited hydrophone response observed in Chapter 3 are investigated using numerical simulations.
Simulations were performed in 1D since, at the measurement distance of 7.4 mm, the spatial averaging
effedsi the effect of diffractiori for a hydrophone element of 0.2 mm diameter were negligible (see
Sec.3.3.2. Therefore, the acoustic field relative to the hydrophone element size was considered planar.

4.2 Acoustic Propagation Model

4.2.1 Governing Equations

The simulationswere performedusing k-Wave, a third party opensourcetoolbox for MATLAB ®
(MathWorks, Inc., Natick, MA), which is designedfor modelling the propagationof broadband
acoustiowavesin thetime-domainin 1D, 2D or 3D. k-Wavesolvesa setof equationsequivalento a
generalisedorm of the Westerveltwave equation,which accountfor the medium heterogeneities,
absorption and nonlinearity. k-Wave has been experimentally validated for photoacoustically
generatedvavesin thelinearandlosslessase[133], propagatiorof nonlinearwavesin homogeneous
and absorbingmedia [134], and propagationof linear waves in biological models mimicking
absorptiorandstrongmediumheterogeneitiesuchasbraintissueandbone[135]. Therefore k-Wave
is an appropriatetool to investigatethe experimentalobservationspresentedin Chapter3, i.e.,
steepeningof the LGUS pressurepulses with amplitude and the distortion of the deconvolved
pressurepulses dueto the bandlimitedresponsef the hydrophone.

The equations solved in\Wave are a system of fikstder coupled acoustic equations rather
than the equivalent secowtder wave equation. There are two equally important benefits of solving
the firstorder coupled equations. Firstiyne explicit calculation of the acoustic particle velocity as
well as the acoustic pressure allows the computation of acoustic intensity, from which heat deposition
in a medium can be modelled for therapeutic applications. Second, there are numeri¢abadvan

allows the pressure and particle velocity to be computed on staggered grids which improves accuracy



Acoustic Propagation Model 103

when the medium properties are heterogeneous, and a special anisotropic layer known as a perfectly
matched layer (PML) can be included to abstsb dcoustic waves when they reach the edges of the
computational domaifiL36].

The systemof first-ordercoupledequationdor the caseof a smallamplitudeacousticwaves
propagatingn alinearandlosslesssotropicfluid mediumaregivenby [137]

“I .
Tl'_c‘) B nnh (momentum conservatior
TI'_‘ " n Jlh (mass conservatior
0
n ©'8 (pressuredensity relation)  (4.1)

Here"l is the acousticparticlevelocity, ] is the acousticpressure’ is the acousticdensity,) o
is the ambientdensity, and ¢, is the isentropic soundspeed.Thesefirst-order equationscan be
combinedogethetto give the familiar secondorderwaveequation

n -——38 4.2

When absorption,nonlinearity and medium heterogeneityneedto be modelled then the
systemof first-ordercoupledequationdecomg136]

Tl (S
o " nh
T_” ” ” n o’l I 3111 ﬁ
o ¢
> i ” "|_D ” 6 i ” 8 (4 3)
r] ('0 ca ” 1 "

Theterm ¢”n J1in the massconservatiorequationrepresents convectivenonlinearityin
which the particle velocity contributes to the soundspeed and Il Jt” relates to medium
heterogeneitiesThe four termswithin the bracketsof the pressuredensityrelationseparatelyaccount
respectivelyfor linearwavepropagationheterogeneitieis the ambientdensity,materialnonlinearity,
and absorptionand dispersion.’His the time-varying displacemenin the medium causedby the
acousticwave, the coefficientd| 0 is the nonlinearityparameteof the medium,andthe operator, is
alinearintegrodifferentialoperatorthataccountdor acousticabsorptioranddispersion.

Theacousticabsorptiormodelincludedin k-Wavehasa frequencydependencef theform

| |1 h (4.4)



104 Numerical Simulations

where] [. B ]is the absorption coefficient, [ POA A | ]is the power law prefactor

andwis the power law exponent. To implement this, the operatontains fractional Laplaciafi$38]

) _ .
) T T_O - h (4.5)

wheret and- areparameterselatedto theabsorptioranddispersionrespectively:

t g & ATA g GOAI "’c 8 (4.6)
Theexponenty thatappearsn thetwo termsof , , hasarangem «® ocandw p.
Using the firstorder coupled equations in E@.3), an equivalent form of the Westervelt
eguation for heterogenous media obeying power law absorption can be fe36jed

pT n p ‘ 6 pTnN ‘
- —n” — T v y 47

4.2.2 Numerical Model

4221 Finite Difference Method

The finite-differencetime-domain(FDTD) methodis a commonlyusednumericalmethodof solving
equationglescribingwavepropagationln 1D, thetechniquenvolvescalculatingspatialandtemporal
gradientsof a function, say"Qafd , on an equally spacedspatialand temporaldiscretiseddomainor
grid to obtainanestimateof "Qafd Y0 . A simplemethodto calculatean estimateof the gradientof
a function of variablewis shownin Figure 4-1. More generally,approximationshasedon Taylor
seriesprovide the necessarynathematicaframeworkfor finite difference(FD) approximationslf a
functionis smoothlyvarying, thenthe functionvalueat"Q® Y@ canbe represente@xactlyby an
infinite sumof functionts derivatesat positionc

Yo QY¥ol!l Q Yot Q

I\Q\ N “Q‘ - ] ] E 4.8
® Yo ® Ko ATD oATG 8 (4.8)

Truncating high order terms and re-arranging Eqg. (4.8), the first-order accurateforward

differenceis obtained:

QA Yo Qo y
T—‘ o Yo 8 4.9
T W Yw
Here Yo is the truncationerror. Similarly, Qo Y@ can be expandedusing a Taylor
seriesas:
Yo QY¥o1 Q Yo Q
PR & cAlw dAl®

Qo Yo Qo ES (4.10
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Truncatinghigh ordertermsand re-arrangingEq. (4.10), the first-order accuratebackward
differenceis obtained:

QU Qo Yo y
T—‘ o Yo 8 (4.12)
T W Yw
Combining Eqg. (4.8) and (4.10) yields a secondorder accuratecentral difference for the
secondlerivative:

QO Yo ¢CQ® Mo Yo .
L 2 6 8 (412)
Tw Yo

With this expressionthe secondorderpartial differential equationfor pressurekg. (4.2), can

be expressedisingsecondordercentraldifferencesasfollows:

» N ¢h N n ¢h N
® = - (4.13
Yw Yo

Heret is thetemporalindex, Qs the spatialindex,andY®andYo arethe spatialandtemporal
discretisationsteps.After somerearrangementa time-steppingschemefor the acousticpressureat

timestepe  p giventhefield attime steps and¢  pis givenhby

. YO
t D < . . . . . 414
f bg—"N 1 N ¢ci n 8 (4.14)
\ J -
F @ ¥ St 8056
\ / dx Ax
i af _ fx) — flx — &x)
VAR T
© gi:f(x+ Ax) — f(x — Ax)
x 24Ax
" x-IZAx x-Ax x x-;-Ax x-;-ZAx...

Figure 4-1:  Calculation of spatial gradients of a continuous funcii®® shown by the broken
line on an equally spaced grid points represented by blackadeitst-order accurate
forward difference.b Firstorder accurate backward difference.Secondorder

acarate centre difference.
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The classicalFDTD schemeis consistentand convergesto the true solution to the wave
equationasY0© mandY®m© T However,the schemerequiresvery smallYoto keepthe artificial
numericaldispersionto a small number[139]. Also, to minimise errorsin the calculationof spatial
gradientseither higher orderfinite differenceapproximationor increasechumberof grid pointsper
wavelength(smallerYa) areusuallyrequired.The accuracyin the calculationof spatialgradientscan
be improvedby fitting overlappinginterpolatingpolynomialsto a small numberof neighbouringgrid
points. This is equivalentto using higher order approximationsin the Taylor Series[140]. The
gradientsat the grid positions are calculated by taking derivatives of the fitted polynomials.
Numerical dispersionalso can be reducedby using higher order time steppingschemespasedon

RungeKutta methodsfor exampleg[139].

4222 PseudospectraMethod
k-Wave, offers significant improvementin speedand accuracyover FDTD methods,at least for
homogeneouand weakly heterogeneoumedia, by using nonstandargseudospectraime-domain
(PSTD)schemeg141]. Insteadof calculatingthe spatialgradientsby usingoverlappingpolynomial
functions fitted to neighbouringgrid points, the nonstandard®STD usesthe Fourier collocation
spectralmethodin which the spatial field is written in term of a (truncated/bandlimited)-ourier
series.Thefunction gradientat the grid positionsis calculatedby taking the derivativeof the Fourier
series.The first advantagef usinga Fourierseriesis that the amplitudesof the Fourier coefficients
can be calculatedefficiently using the fast Fourier transform(FFT). The secondadvantagds that
sincethe basisfunctionsaresinusoidal only two grid pointsperwavelengtharetheoreticallyrequired
to capturethe whole field (Nyquist criterion), comparedo six to tenrequiredin FD schemeswhich
meansrelatively less memory and less computationtime is requiredto accomplishthe sametask
[139]. A third advantages that the basisfunctionshave physicalmeaningas planewaves,so when
analysingthe schemdn k-space physicalintuition canbe usedto understanavhatthe computercode
is doing.

The calculationof time domaingradientsstill requiresconventionalfinite differencesto be
employed. However, the errors due to the numerical dispersioncan be reversedby applying a
correctionterm, llHUknown asthe k-spaceoperator.lt canbe obtainedby comparingthe difference
approximationand the exact integral solution of a secondorder time derivative function. The
nonstandardSTD schemdor the secondorderlinear wave equation,Eq. (4.2) is thereforegiven by
[141]

N Gh n
Yo

IHOQ n” 8 (415

Here, 1), the acousticpressurds the conciseform of i ¢hufdhd , and.  arethe forward

and inversespatial FouriertransformsQ 13 Q Q "Q, wherel is the wavevector,the
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term & Q is the Fourier representatiorof the spatial differential operator,andll Hiis the second

orderk-spaceoperatorgivenby

I OET AV ¢ 8 (4.16)

4.2.3 DiscreteEquations

Thefirst-ordercoupledequationsn Eg. (4.3), convertedo discreteform usingthe nonstandardinite
differencemethod[141], alsoknownasthek-space?STDmethod becomg139]

T

—f wie Y f h (4.17)
- - Yo o
o o ,,—TT— LR AL (4.18)
TT—_é T mie Yioe T h (4.19)
"V TT—_é ) yoy
” R (4.20)
p ci’bTT—o b Va8
, ‘ 0 p, i
) ® = , (4.22)

where, representa discreteFourier Transform(FFT). The discretepowerlaw absorptionterm has

theform

, T Q —6 - Q¢ 8 (4.22)

These equations are repeated in sequence for each Cartesian directibare— wins
— ofwins , and- oftdiina (0 is the numbeof spatial dimensions). Hef@s the imaginary
unit, I O E 1O ¥§ ¢ s the firstorderk-space operatoiQ represents the wavenumbers in-the
direction,Y—is the grid spacing in thedirection, and the total mass density is obtainedunynsing
the acoustic densities B ” 8The mass density is artificially divided to facilitate the
inclusion of the PML. The foresource termY in Eq.(4.18) represents the input of body forces per
j

unit mass in units of E C ori O and the massource term}Y in (4.20) represents the time

rate of the input of mass per unit volume in unit§af O [139]. For an initial value problem, the
source terms in the above equations become zero. When pulsed heating of an optically absorbing

medium needs to be modelled and there is no thermal diffusion then theureat™¥ can be treated
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as a mass sources using the relatdon “Yf jO , wheref and0 are the volume thermal
expansion coefficient and specific heat capacity at constant pressure, respd&djely

Thevariables; 6 1 1 andn  in Eq. (4.19), (4.20) and(4.21), respectivelyare

calculatedon the actual grid points spacedY—8The remaining variables] 1 jT -and6 I in

Eq.(4.17) and(4.18), respectivelyare calculatedon the staggeredpatialgrid, which is spaced/—j ¢
from the actual grid. In all the discreteequationsabove,the superscriptg andé¢ p denotethe
functionvaluesat the currentandthe nexttime stepsand¢  pj ¢ and¢  pj ¢ atthetime-staggered
points. The time-staggeringby half a time-step arisesbecauseof the interleavingof the gradient
calculationsEq. (4.17) and(4.19), with theupdateEq. (4.18) and(4.20).

4.2.4 Consistency,Stability and Convergence

It is always important that a numerical method for solving an equation is convergent, i.e., that the
solution from the numerical scheme approaches the true solution of the continuous equation as the time
and spatial steps tend to zero. Whether a schepmi®rgent is dependent on the numerical scheme
being bothconsistenandstable  Thi s i s expressed by the Laxds eqg
if a finite difference scheme is consistent and stable then it will be convergent. The dispate
PSTD equations are consistent because they become the continuous equations in¥0€ limand
Y-O 11 A scheme is stable if the errors in the numerical solution remain bounded for all times, which
in this case is assured by the use ofkispace opetar. But this is valid only for the case of a linear,
lossless, and homogenous medium. Fspace operator is dependent on a single value for the-sound
speed and therefore, for a heterogenous medium, where the ambienrsgeedds spatially varying,
the k-space operator can no longer exactly reverse the numerical dispersion introduced by the finite
difference timestep. Therefore, a reference sospeed needs to be chosen for H4.16) such
that the solution is both stald@d rapidly converges i.e., the phase errors quickly become negligible as
the timestep decreases. One of the cases for which the stability is ensuded is if A @ and the
time-stepischosensuchth@® ¢ Q | QEd ja ww [142].

A widely-usednotion relating to stability when solving partial differential equationsusing
finite differenceschemess the CourantFriedrichsLewy (CFL) number[140], which is definedas
theratio of thedistanceravelledby awavein onetime-step,c Yo to thegrid spacing Y—

, ﬂ) goo (4.23
Y- bov

where,0 0 7 _j Y—is points per wavelengthassuming/ao Y& YaandO 0 0 pj "Yois points
per period. For a heterogenousnedium,® in Eq. (4.23) shouldbe replacedby @ . The default
valueof the CFL usedby k-Waveis 0.3, althoughthis canbe changedy theuser.This is thenusedto

determinghetime-step.
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The maximum spatial frequensyipportedby a particular computational grid is giveg the
Nyquist limit of two grid points per wavelengtivhereQ “j Y—assumingyo Y& Ya. The
spatial wavenumber and temporfiequency are related b{) ¢* KIohthus the maximum
wavenumber corresponds to a maximum temporal frequent® of | Edj ¢Y-. If the input
signal contains higher frequencidsitthe grid cannosupportthenthe frequency content is truncated
which distorts the input signalVhen nonlinear propagation generates frequencies higher than the grid
can supportthen spectral blocking can occUfi43]. In the convergence tests the maximum grid
frequency wastwsen such that the spectral blocking did not distort the highest frequency of interest in
the simulations.

Thefinal stepthenis to ensurethe solutioncomputedoy the numericalmodelhasconverged
sufficiently closelyto thetrue solutionfor the purpasseat hand.This taskrequiresgraduallychanging,
e.g.,successivelyalving, the valuesof Y— and¥Yo until the changein the computedsolutionis within

anacceptabléolerance.

4.3 Nonlinear Propagationin Water

The effect of nonlinear propagation was investigated by simulating the propagation of an initial pressure
distribution (IPD), assuming stress confinement, of various amplitudes. The different acoustic properties
of the glasdacking and the CPN were notcimded in the initial study since the majority of the
propagation occurs in water. The thickest CPN source tested wa$, 8hich is nearly one order of
magnitude smaller than the experimental measurement distance of 7.4 mm. Therefore, any nonlinear
effeds occurring within the CPN source are expected to be negligible. The schematic of the 1D numerical
grid is shown inFigure 4-2. The IPDJ] &, was calculated using E@.4) with* = 125,000

which represents epa@PN with 2.5 wt. % MWCNT (se€able3-3). The physical properties of epoxy

were taken fronTable 3-4 and the thickness of the absorbing regi@s set to 1@ . The total length

of the grid was 10.24 mm. The IPD was launched from one end of theZjridm away from the PML.

4.3.1 ConvergenceTest

A convergence test was first completed by successively halving the $izgapéYo. The amplitude

wasset to 44.8 MPa for all cases and the presgulges were recorded at a distance of 7.4 mm from

a T18The amplitude of the pressupelses at 7.4 mm were around 4.4 MPa and the pulse was
nonlinearly steepened, which is discussed in more detail iMlSe2.The spectral magnitudes (Fourier
transform of the pressupilses) for each value ¥tvandYowere computed to identify the conditions
necessary for solution convergence. For the plot showigire4-3, the spectral magnitudes at 25, 50

and 100 MHz are plotted as a function of PPW and CFL. The spectral magnitudes for each frequency
are normalised using the spectral magtét computed for the smalle¥t and Yo of the same

frequency. It can be seenkingure4-3 that there is convergence for each frequency as PPW ingrease
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and CFL decreases. Here, three different frequency plots are shown for the convergence test but really it
is the highest frequency which is of interest. When the highest frequency converges, naturally the
frequencies below the highest frequency wouldehalveady converged since they are represented by
more PPW. For the 100 MHz convergence plot showfignre4-3 the standard deviation in the actual
pressures for PPW values of 11.9, 23.7, 47.4 and 94.9 were 4.9, 2.4, 1.2 and 0.6%, respectively. To
investigate the effect of pressure amplitude on nonlinear propagation, CFL(er ®PP = 20jhand

PPW= 47.4 were chosen as a trauf€ between practicality (memory and tinte complete the
simulation) and accuracy. This correspondedyrid-size,0 = 32768 and/cw= 312.5nm for a grid
dimension of 10.24 mnThe maximunspatial frequency supported thys grid was2.372 GHz.

T 8wl a(f) = 2.52 X 10752 Np-m™?
o Y 0 po = 998.2 kg - m™3
2 =1 g Co = 14825 m-s™?
2 RN B/A =52
PML 0 zy z3 Z3  PML

z-dimension [m]

Figure 4-2:  Schematic of the 1D computational grid implemented-MWave to investigate the
wave steepening and broadening of a tBedes pressuspulse due to nonlinear
propagation of a high amplitude laser generated ultrasound pulse in Rislier.
perfectly matched layef, ¢ : initial pressure distribution defined using Eg.4) and
the physical properties of epoxy polymer taken fibable 34 and° = 125,000 ;
"j1: nonlinear parameter of watendsoundspeed of watel* dambient density of
water; @frequency in MHz, "Qdfrequency dependent acoustic absorption ofryat,

a , andd dspecified grid points for recording tinseries pressugulsey 0.
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Figure 4-3:  Convergence of spectral component®dirO recorded at a distance of 7.4 mm on
the grid, which is plotted as a function of PPW and G¥l25MHz, 50MHz and
100MHz, respectively The spectral magnitudes at each frequency wermalised
using the spectral magnitude computed for the higheaid lowest CFL.The three
CFL valued.2, 0.1 and 0.0Borrespond to thénree PPP 10, 20 and,4@spectively.
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As mentionedearlier, the convergenceaestswere performedassumingstressconfinement.
Therefore to accuratelyrepresenthe stepdiscontinuityin the IPD shownin Figure4-2, potentiallya
very large number of sinusoidswill be required.Also, as soon as the wave startsto propagate,
absorptionin the CPN and water tendsto smooththe sharp discontinuity by dampingthe high
frequenciesf the pressurepulse. Since stressconfinementwas generallynot satisfiedfor the CPN
sourcesfabricatedin this thesis,a step discontinuity would not occur in practice. Therefore,the

convergenceestsrepresena worstcasescenario.

4.3.2 PressureversusNonlinearity

TheIPD wasscaledfrom5 . 6 MRRain 8tepsof 2.8 MPaby scalingthe fluenceparameterThese
amplitudeswere chosensuchthatthe recordedamplitudesof the time-seriesy) afd , at 7.4 mm were
within the rangeof experimentallymeasuredraluesof 1 . 2 M®a. Bhe time-seriespressurepulse,
n & , wasrecordedat 0.2 mmincrementdrom theinterfacial positionof the CPN sourceandwater
so that the time-seriescould be analysedfor the effects of nonlinearpropagationas a function of
pressureamplitudeandpropagatiordistance.

The timeseries pressure pulses shownFigure 4-4 correspond to simulation results for an
optical absorption depth of 581. This thickness was specifically chosen to show the exponential
pressure distribution within the CPN source and the wave shape transformation from this initial
exponential shaped pressygse to a steepened pressouse. The timeseries recorded atZmm from
the interfacial position of the CPN source and water have clear exponential (setfegure4-4(a)) for
all three laser fluences of 5, 2d 400 *A | . But as the wave propagates further away, the cumulative
acoustic nonlinearity acts to steepen the front edge of the wave in the direction of propagation. The degree
to which the wave shape transforms to a steepened wave is dependentloa papagation distance and
the amplitude of the wave. This progressive change can be sé&yune 4-4(a)i Figure 4-4(f). The
corresponding Fourier (amplitude or magnitude) spectra of a fewséries are shown Figure4-5.
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2da) Propagation distance: 0.2 mm zdb) Propagation distance: 0.6 mm 2dc) Propagation distance: 1.0 mm

© —05mJ em™ © ©
o o 0o
= 15[ |— 22 my om2 E15 215
210 40 mJ om’ 210 © 10
> = = N\
w w (7] N\
o o o
0 =\ 0 0 :
010 011 012 0.13 0.14 0.37 038 039 040 0.64 065 066 067 068
Time [us] Time [us] Time [us]
1dd) Propagation distance: 3.0 mm 1de) Propagation distance: 5.0 mm 10( Propagation distance: 7.4 mm
g £ &
E7.5 E.7.5 E.7.5
2 5 2 5 @ 5
= = =
[7:] 53] 1)
@ 25 g 2.5 g 25 [
o o o s
0 ,\ 0 2 0 £
1.98 2.00 2.02 204 206 3.32 334 336 338 340 493 495 497 499 501
Time [us] Time [us] Time [us]

Figure 4-4: Distortion (steepening)of the timeseries pressuspulse caused by cumulative
acoustic nonlinearity as a functiofh pressure amplitude and propagation distance for
laser fluence of 5, 22, and #0*A |  shown for various propagation distances from
a f. The propagation distaaaorresponds to thveavepropagabn distancdrom &
mishown inFigure 4-2. The steepening of the pressym@ise is accompanied with
broadening of the timseries for laser fluences of 22 andi48A | 8The optical
absorption depth for this simulation was set ta\S0
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Figure 4-5: Fourier (amplitude) spectra of the tiraeries shown irrigure 4-4 for propagation
distances of 0.2, 1.0, 3.0 and 7.4 mm.
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The effect of nonlinearpropagationand acousticabsorptionon the pressureamplitudeand
1 6 dB bandwidth(BW6 areshownin Figure4-6 andFigure4-7, respectivelyThe peakpositive(n] )
pressuresof the simulated time-series pressurepulses and the bandwidths obtained from their
magnitudespectraare plotted in Figure 4-6(a) and Figure 4-7(a) as a function of saurcesensor
separatiorandfluence.For comparisonsimulateddataareplottedin Figure4-6(b) andFigure4-7(b),
for the rangeof sourcesensordistanceswhich overlap with the souce-sensorseparationof the
measurediata. The simulationscorrespondo an optical absorptiondepthof 10A i. The measured
resultsfrom an epoxybasedCPN sourceof 10A | thicknesswith 2.5wt. % MWCNT are shownin
Figure 4-6(c) and Figure 4-7(c) over the samefluence range but the closestsourcehydrophone
distancewas3.9 mm asopposedo 0.2 mm in the simulations.This is because¢he hydrophonesignal
chainwassusceptiblgo radio-frequencynoiseemittedby the Q-switch of the laser,which lastedfor
upto 2.5A @ndhencethe hydrophonecouldnot be closerthan3.9mm (or 2.63A [ in time-of-flight).
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Figure 4-6:  a Peakpositive pressures of the simulated tisggies pressufpulses using KVave
plotted as aunction oflaserfluence and souresensor separation. In the model, the
thickness of the optical absorption region was set ta i@ match the experimental
case.b Comparison of simulation data at the same sesecsor separation as the
measured dataic. The experimental source was an epbaged CPN dispersed with
2.5 wt. % MWCNT and a thickness of aroundAL®. The hydrophone could not be
positioned below 3.8nm (or 2.63A (n time-of-flight) due to pick up of radio
frequency noise emitted by thes@itch of the laser, which lasted for up to 2.51

Line plot of model and measured pressures at 2A |
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Whilst a comparisoris shownbetweermeasuremerdandsimulations it shouldbe notedthat
the simulation doesnot exactly match the conditionsof the measurementThe epoxybasedCPN
sourcehasa glassbacking,andthelaserpulseof 4 nsdurationdoesnot satisfystressconfinementlin
simulations,on the other hand, the glassbacking was not modelled, and stressconfinementwas
assumedTherefore,care should be takenwhen comparingmeasuredand modelleddata. However,
theimportantrationalefor carryingoutthesesimulationswasto demonstrat¢hatthe LGUS pressure
pulsein the measurementare linear only over a shortpropagatiordistanceof around0.2 mm from
the CPN sourceandthereafteithe pressurepulsebecomesonlinear.

The BW6 is highest in the linear region but when the prespuise starts to stpen, the
preferential loss of high frequencies causes the pulse to become broader. This observation is quite
counter intuitive to the general understanding of the effect of nonlinear propagation in which a single
frequency lowMHz acoustic wave generateat the face of an ultrasound transducer becomes
progressively nonlinear the further it propagates, thus adding more and more harmonic frequencies.
When the wave is significantly steepened, fi.efyf @r FljT @eaches a maximum, then the wave is
harmanically rich [130]. Thereafter theffect of absorption dominates on the harmonic frequencies,
and the wave eventually becomes a single frequency wave with a diminished amplitude. However, in
case of a LGUS pressupallse, the impact of absorption is instantaneous since the pulse is already
broadband. Though the cumulative acoustic nonlinearities acts to steepen the pulse, the rapid
dampening of both the high frequencies already present in the pulse and those generated via cumulative
acoustic nonlinearity causes it to broaden, the effegthi¢h increases with propagation distance as
seen inFigure4-4. The decrease in bandwidth means that the pressure amplitudes at higher frequencies
will be lower, which means that the SNR will be lower. For the primary calibration of hydrophones on
the interferometer, it is required that pressure levels at all frequencies are sufficiently above the SNR so
that the measurement uncertainties are kept to amumn. Therefore, during calibration, the
hydrophone would need to be positioned as close as practically achievable to the CPN source.
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Figure4-72 a16 dB bandwi dt hs dries pressurpusesmgingaliVeved t i me
plotted as a function of fluence and sousemsor separation. In the model, the
thickness of the optical absorption region was set t& i@ match the experimental
case.b Comparison of simulation data at the same sesetsor separam as the
measured data in The experimental source was an epbaged CPN dispersed with
2.5 wt. % MWCNT and a thickness of aroundAL®. The hydrophone could not be
positioned below 3.9 mm (or 2.880n time-of-flight) due to pick up of radio
frequerty noise emitted by the-Qwitch of the laser, which lasted for up to 2.51

Line plot of model and measured bandwidths at 2\ |

4.3.3 Bandlimited Hydrophone Response

The simulatedpressurepulsesin Figure 4-4 and the measureddeconvolved hydrophonepressure
pulsesin Chapter3, for exampleFigure 3-15, arequalitatively different. Thereareundulationsonthe
trailing side of the measuregressurgpulseswhich do not appearin Figure4-4. SinceLGUS pulses
havea wider bandwidththanthe hydrophoneit washypothesisedhatthe bandlimitedresponsef the
hydrophonewasa likely causefor the differencebetweenthe simulationand the measurementsio
test the hypothesis pressuretime-serieswere simulatedfor an epoxybasedCPN sourceof 10A |
thicknesssandwichedbetweenglass and water half spacesfor comparisonwith an experimental
sourceof similar thickness.The model input parametersare shownin Table 4-1. The time-series

pressurepulse,f & , recordedat a grid location of 7.4 mm in water from the IPD was then
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convolvedwith the complexsensitivity responseof the hydrophone(see Sec.3.3.9 to derive the

modelvoltage,0 4o | asfollows:
0 ao . N ao 0 Q8 (4.24)
Here,n 4o |, is the simulatedpressurepulse.Sincethe time-stepsin the simulationand
measurementvere different, i.e., 2.7704 and 400 ps, respectively, the simulatedn G was

down-sampledusing MATLAB & resamplefunction to matchwith the samplingfrequencyof the
measuredscilloscopel "Q wassetto zeroat 0 Hz andbeyond110MHz andin betweenit wasset
to the predictedresponseusing the hydrophonemodel [126]. The resulting voltage time-series,
0 ¢ fwas then comparedwith the measuredhydrophonevoltage time-series,6 G h
obtainedfrom a 10A | thick epoxybasedCPN with 2.5wt. % MWCNT. The amplitudeof the IPD
was varied by scalingthe fluence parametesuchthat the amplitudeof n afd at 7.4 mm was
approximatelyequal to the deconvolvedpressurepulse for applied fluence levels of 10, 20, and
401 *A1 in the experimentThe scaledvaluesof the threefluencelevelswere0.7,0.77 and 0.8,
respectively.

It was notedin Sec.4.2.1that the acousticabsorptionwithin k-Wave is implementedas a
powerlaw modelusingafractionalLaplacianoperator Theacoustidossmodelallows heterogeneous
mediato havedifferent power law absorptionprefactors,but the powerlaw exponentmust be the
samefor all media(as a consequencef it being appliedin k-space).Therefore,consideringthese
limitations, the thinnestsourceof 10 A | waschosenasthe modelandmeasuremerdre mostsimilar.
For simulations,acousticabsorptionwithin glassand epoxybasedCPN were assumedo be that of
water.

The effective mass density and soundspeedof the CPN are not known, so they were
estimatedoy fitting the simulatedtime seriesto the measurementgseeTable 4-1). The reductionin
soundspeedis due to the multiple scatteringof acousticwavescausedby the presenceof carbon
nanotubesn epoxy. This is consistenivith the resultsof a previousexperimentaktudyin which the
soundspeedis reducedwith increasingvolume fraction of the metallic powder [144]. Also, the
density of tungstenand aluminaloadedepoxy compositesncreasedwith volume fraction. The 2.5
wt. % of CNT in epoxy andthe bulk densityof the CNT, which is around50E ¢  [145], is too
smallto lower the effectivedensityof the CNT. Therefore the decreasén densityof the epoxybased

CPNis likely to bedueto theair trappedn the CPNduringfabrication.
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Figure 4-8: Pressure timseries simulated using-Wave in 1D from a three layered media

comprising of 10A [ thick epoxybased CPN with 2.5 w&% multiwalled carbon
nanotubes sandwiched between glass and water half sfdeedimeseries was
recorded at a distancd @.4 mm from the initial pressure distribution for laser
fluences of 10, 20, and 40*A | . Normalised model derived voltage tiraeries
obtained by convolving the pressure tisaries ina with the complex sensitivity
response of the hydrophone are plotted along with the normalised measured voltage
timeseries for laser applied fluencesbof0, ¢ 20, andd 401 *A | . The two time

series were aligned by shifting the model derived voltage-series with respect to

the measured timseries.

There is a good agreement between measured and model derived voltesggigamor the case

of 10 and 20 *A | shown inFigure4-8(b) andFigure4-8(c), respectively, which confirms that the

limited bandwidth is the dominant cause for the presencadiilations in the deconvolved tirseries

pressure pulses. However,Rigure4-8(d) at 400 *A [ , the trailing part of the modelerived voltage

time-series is slightly offset from the measured voltage -8arées. It is suspected that this difference

could be due to a temperatidependent change in the material properties of epazsgd CPN as the

fluence increases beyond RO*A | 8From Table 35, for epoxy polymer loaded with 2.5 wt. %
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MWCNT the estimated initial temperature rig¢, for 101 *A | is 8.33 and for 20 and 4D *A |

it increases linearly to 16.6 and 33.2 respectively. The measured sowspeed and attenuation of
unfilled epoxy at 2 MHz was found to decrease by 6% and 10%, respe¢fidélyover the same
temperature range. Therefore, the transient clsainghe soundpeed and attenuation are likely to have

affected the pulse shape of the LGUS prespulee during the heating phase of the CPN medium.

Table 4-1. Model input parameters used in 1BAkave for he generation of timeeries pressure
pulses from an epoxy polymer nanocomposite backed on glass and radiating acoustic
wave in water media he values for sounrgpeed and mass density epdrgsed CPN
were varied approximately by 10% and 25%, respectivielyachieve a closest

agreement of model derived voltage tiseries with the measurements.

Parameter Material Value Units
Pyrex glass 2230

Mass density, p, Epoxy 750 kg m’
Water 998.2
Pyrex glass 5640

Sound speed, ¢, Epoxy 2300 ms '
Water 1482.5

Acoustic it 252 %10°7% Npm

absorption, () - 4 il

Optical

absorption Epoxy- 125000 m’

i CPN

coefficient, .,

Coefficient of

thermal Epoxy 217 x 10°¢ m?

expansion, f

Specific heat B 1600 s
capacity, C, S e R

Although PDMS-basedCPN sourcesarefavouredfor practicalpurposesover epoxyand PU-
basedCPN sourcesdueto their morestableLGUS outputundersustainegulsediaserexcitation,the
simulationsand comparisonto measurements this sectionwere all basedon epoxybasedCPN
sourcesbecausethe pulse broadeningdue to cumulative acoustic nonlinearity is more clearly
discerniblein this case.The reasonis that the pressureoutputfrom PDMS-basedCPN sourcewas
arounda factor of 2.7 higherthanfor epoxybasedsourcesso for PDMS-basedsourcesthe pulses
hadalreadybroadenedy the time theyreachedhe measuremeribcationwhateverthe fluencelevel.
For epoxy, asthe pressuresvere lower, the effect of the different fluencelevels can be seenmore
clearly.
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4.4 Conclusion

The purposeof this chaptemwasto numericallyinvestigatethe nonlinearpropagatiorof sourcepulses
as this has not been widely consideredin the literature. The experimentalobservationsfrom
Chapter3, i.e., steepeningand the effect of bandlimitedhydrophoneresponseon the deconvolved
pressurgpulseswerenumericallyinvestigatedThe simulationswereperformedn k-Wavein 1D.

To investigatethe effectof wavesteepeningstressconfinedIPDs of variousamplitudeswere
propagated.Since the thicknessof the CPN source was small comparedto the experimental
propagationdistanceof 7.4 mm in water, only a homogeneousnedium of water was considered.
Wave steepeningdue to cumulative acoustic nonlinearity was observedfor all stressconfined
amplitudesin the range5 . 6 MHBa. The degreeto which the wave steepeningoccurredwas
dependenbn the presureamplitudeandpropagatiordistance The effectof nonlinearpropagatioron
the1 6 dB bandwidthwas mostsignificant. The BW6 was highestin the linear region but whenthe
pressurepulsetransformedo a nonlinearpulse,the preferentialloss of high frequenciesausedhe
pulseto broaden.Hence,the BW6 decreasedvith increasingnonlinearity, which agreeswith the
measurements.

The effect of the bandlimited hydrophoneresponseon the measuredoressurepulseswas
investigatedoy propagatingstressconfinedIPD in a layeredmedia. The layeredmediaconsistedof
glass,epoxybasedCPN andwater.The IPD propagatedrom within the CPN mediumwasrecorded
in the water layer and convolvedwith the complex sensitivity responseof the hydrophone.The
resulting model derived voltage time-series showed a good agreementwith measurementij.e.,
undulationson thetrailing sideof the hydrophonevoltagetime-seriesfrom a nominallyidentical CPN
source. The undulationsappearbecausethe hydrophoné sensitivity responseis limited when

comparedo thebandwidthof the LGUS pressurepulse.
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5.1 Introduction

In Chapter3, the resultsfrom a study comprising27 glassbackedcarbonpolymer nanocomposite
(CPN) sourcesfabricatedby varying the polymer type, carbon nanotubegCNT) weight percent
(wt. %) and thicknesswere discussed.For a laser pulse of 4 ns duration, polydimethylsiloxane
(PDMS) polymerbased CPN sources generatedthe highest pressurecomparedto epoxy or
polyurethanebasedCPN sourcesfor nominally identical CNT wt. %, thickness,and laserfluence.
Though stressconfinementwas generally not satisfied, PDMS-basedCPN sourcesgeneratedhe
highestpressurdecauséehe stresgelaxationtimeswerelongercomparedo epoxyor PU-basedCPN
sourcesThe nonlinearpropagatiorof lasergeneratediltrasound(LGUS) pressurepulsesresultedin
the peakpositive(r] ) pressureandthe1 6 dB bandwidth(BW§ to beinverselyrelated. Thenonlinear
propagationand the effect of the bandlimitedhydrophoneresponsewere confirmed via numerical
simulationsn Chapter4.

The bandwidthof the LGUS pressurepulse can be increasediy changingthe designof the
CPN source.Considera CPN layer on a glassbackingin water.Due to the significantdifferencein
acousticimpedancebetweenthe CPN and glass, one half of the initial LGUS pulse the part
propagatingowardsthe glass getslargely reflectedwithin the CPNmediumandimmediatelyfollows
the other half propagatingtowards the water. Therefore,temporally, the wave exiting the CPN
mediuminto the waterwill be of twice the durationtakenby the acousticwaveto transitacrossthe
thicknessof the CPN layer.If the CPN sourceis backedon anacousticallymatchedbacking,i.e., the
samepolymerusedasthe matrix in fabricatingthe CPN, thenthe half of the LGUS pulsepropagating
towardsthe polymerbackedmediumis not reflectedanddoesnot thereforecontributeto the acoustic
field in the water. Sincethe durationof the pressurepulsefrom a glassbackedCPN sourcewill be
twice that of the polymerbackedCPN source the bandwidthof the glassbackedpressurepulsewill
be narrowerthan the polymerbackedpressurepulse, whilst the amplitude of the pressurgpulses
remainthe same.This is true only in the caseof stressconfinementBut, whenstressconfinements

not satisfiedasis the casefor most of the experimentan this thesis,the pressureamplitudefrom
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glassbackedCPN sourcesverefound to be highercomparedo polymerbackedCPN sourcesThis
effect of backingon LGUS pulse amplitudewas investigatedwith experimentsusing a fibre-laser
with avariablepulsedurationandwith analyticalandnumericaimodels.

In this chapter,the fabricationof PDMS-backedPDMS-basedCPN sourcess describedn
Sec.5.2andtheinitial experimentatesultsarediscussedn Sec.5.3. An extendedexperimentaktudy
involving five laserpulsedurationswhosefull-width at half-maximum (FWHM) spannedrom 1 0
200 nsis describedin Sec.5.4. A 1D linear analyticalmodel was developedto obtain an intuitive
understandingf how the sourcebackingaffectsthe amplitudeof the LGUS in the absencef stress
confinementis describedin Sec.5.5. In Sec.5.6, a comparisonof the resultsfrom Sec.5.4 with

simulationsn k-Waveis made.

5.2 Polymer-backed SourceFabrication

The goxy- and polyurethanbased CPN sources were not pursfigther as a potential source of
LGUS following their temporal instability and sies with CPN detachment from glagee
Sec.3.4.6. The initial study intothe effect of backing waesarried out by fabricatinglgssbacked
PDMS-basedCPN sourceswith 2.5wt. % multi-walled CNT (MWCNT) usingthe methoddescribed
in Sec.3.2 To fabricatePDMS-backedsourcesthefollowing approachwastaken.A smallamountof
petroleumjelly (debondingagent)was hand spreadon one surfaceof an opticatflat glassdisc of
50 mm diameter(FSW18,Newport SpectraPhysicsLtd, Didcot, U.K.). The surfacewasthenwiped
off usinglenscleaningtissue ,which leavesa film sufficiently thin to be assumedo be parallelto the
surfaceof the glass.A thin film of the CPN mixture was coatedon top of the petroleumjelly coated
surface using the blade film applicator. The coated glass disc was then placed in a
polytetrafluoroethylenenould with coatedsidefacing up andsubsequentlyhe mould wasfilled with
a5:1ratio of PDMS:catalysmixture. The mould wasplacedin anovenat 1003 for 35 mins.During
curing,the presencef petroleumjelly preventdbondingof the CPNfilm to glassandbondsonly with
PDMS-catalyst mixture forming a PDMS-backed source. After allowing the mould to return to
laboratory temperaturethe contentsof the mould come free. The embeddedglass discs and the
PDMS-backedsourcesvereremovedusinga scalpelandcut to approximatdateraldimensionof 20
30 mm. The combinedthicknessof the CPN film andthe PDMSbackingwas around2  @m.
Four glassbacked and four PDMS-backed sourceswere fabricated. The PDMS-backed source

fabricationprocesss shownin Figure5-1 in which glassdiscsof 25 mm diametemwereused.

5.2.1 ThicknessEstimate of Polymer-backed Sources

Thethicknessof the CPNfilm on glassbackedsourcescanbe obtainedby calculatingthe difference
in thicknessof the uncoatedglassslide andthe CPN coatedglassslide (seeSec.3.2.7). However,
such an approachis not possiblewith PDMSbackedsourcesbecauseof the fabrication process

describedabove. Therefore,the thicknessof the cured CPN film on PDMS backing was derived
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indirectly. The wavelengthdependeniptical absorbanced _ hof the glassbackedand PDMS-
backedsourceswas measuredusing a spectrophotometefrom 400-900 nm (Lambda800, Perkin
Elmer, Waltham,MA, USA). The optical absorbancesf CPN sourceswere measuredthreetimes

each,nearto the centralregion of the coatingover an areaof 5 5 mm. The optical absorption

coefficient,* _ hof the glassbacked sources was determined using the relation:
o _ 1 prniQ ,whereQ isthemeasuredhicknessof the CPNfilm coatedon glassslide. By
knowing* _ of the CPNmaterial,thethicknessof the CPNfilm on PDMSwasestimatedisingthe

aboverelation. At 600 nm wavelengththe averageoptical absorbancandthicknessof CPN sources
backedon glasswas 2.03 + 0.05 and 23 + 2.4 A [, respectively,which resultsin * of 203 +
231 | .Usingthisaveragevalueof* , whichis expectedo bethe samefor bothglassandPDMS-
backedsourcesthe thicknessfor eachPDMS-backedsourcewasestimatedThe derivedthicknessof
the PDMS-backedsourceds shownin Table5-1 alongwith measured/aluesof optical absorbancef

glassandPDMS-backedsourcesandthe measuredhicknessof glassbackedsources.

(b)

(c)

Figure 5-1:  a25 mm diameter opticdlat glass discs coated with PDMfsed CPN mixture with
2.5 wt. % MWCNT, which were previously coated with a thin layer of debonding

agent. The CPN coated glass discs are placed in a polytetrafluoroethylene mould

followed by filling the mould with 5:1 ratio of PDMS:catalyst mixture and oven
cured at 10@ for 35 min. b After allowing the mould to return to laboratory
temperature, the contents come free from the mauelass discs embedded in the
cured PDMS and PDM8acked sources were removed using a scalpel.
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Thereis a smallmeasuremerttiasin derivingthethicknessof the CPNfilm on PDMS;firstly
dueto the optical losswithin the clear PDMS backingand secondthe refractiveindex of glassand
PDMS are not the same.The optical absorptioncoefficientof PDMS at 1064 nm was measuredat
University College London (UCL) using a wide wavelengthrange duatbeam spectrophotometer
(Lambda750, PerkinElmer, Waltham,MA, USA) for two rectangularlycastPDMS blocksof size10
x 20 mm and of thickness4.26 mm + 18A | and 7.64 mm + 16 A i. By measuringthe difference
betweerthe absorbanceetweenPDMS blocksof differentthicknessegshe effectof interfaciallosses
can be removed.The differencein both the optical absorbancend thicknessfrom the two PDMS
blocks were usedto calculatethe optical absorptioncoefficient, which wasfound to be 111  at
1064nm. For a 2.5 mm thick PDMS backingthis works out to be a 3% lossin intensity. The second
bias arisesfrom the differencein refractiveindex of glassand PDMS which are 1.47 and 1.4 [72],
respectivelyat 1064 nm, a 5% difference.However, the relative differencein the optical intensity
reflection of glass and PDMS interfaced to air which is the case during spectrophotometer
measurements only 0.8%. Therefore thesetwo factorsaffect the estimatedCPN film thicknesson
PDMS.But thesebiasesaresmallandhenceno correctionwasappliedto the estimatedhicknessesf
CPNfilm on PDMSbacking.Two glassbackedsourcesf thicknesse®4 and25A | andtwo PDMS-

backedsourcef thicknes27 A | weretestedon the experimentasetup.

Table 5-1: Optical absorbance and thicknesses of CPN films coated on glass and PDMS
backings. Parenthetical entries represent one standard deviation in the measured and

derived values.

Optical absorbance, 4 ,(A= 600 nm) CPN film thickness, d 4 [[im]
Glass-backed  PDMS-backed  Glass-backed PDMS-backed

2.04 (0.02) 2.36 (0.02) 24 (1.3) 27 (3.1)
2.07 (0.03) 2.55 (0.04) 25 (3.2) 29 (3.4)
1.95 (0.02) 2.43 (0.13) 20 (2.3) 27 (3.5)
2.03 (0.01) 1.23 (0.04) 23 (1.6) 14 (1.7)

5.2.2 ThicknessMeasurementof a Polymer-backed Source

In orderto validatethe methodusedto estimatethe thicknessof the PDMS-backedsourceslescribed
in Sec.5.2.1, anopticalimagingtechniquewasused.Measurementsna 14t i thick PDMS-backed
source(seeTable5-1) were performedby the MaterialsTestinggroupof NPL. Threesectionsof the

sourcematerialwerecutwith a scalpelbladeat the mid region,which wereapproximatelyd mm wide

and12 mm long (seeFigure5-2). Imagingsurfacesvere preparedisinga ultramicrotome(LeicaEM
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UC7, Milton Keynes,U.K.), fitted with atemperatureontrolledcryochambe(fLeicaEM FC7,Milton
Keynes,U.K.) cooledusingliquid nitrogento 1 1403 . A DIATOME diamondcryo knife with a 35°
knife anglewas usedto cut the cooled and hardenedsamples.The automatedcutting processwas
monitoredby a microscopdensfocussedn the cutting face.A layerremovalof 2t 1 thicknesswvas
usedto flattenthe surface until completesamplesurfacecutswere observedThis thicknessvasthen
reducedto 111 for severalcuts and finally 200 nm for severalmore cuts to ensurea flat even
surface.The drive speedof the sampleover the bladewas 11 | O 8Lessthan 0.5mm of the
material was removedfrom eachcut face. The maximum sampleareaavailable for cutting was
4 4 mm. Sampleswere thenremovedfrom the holder and allowedto returnto room temperature

prior to imaging.

Edges microtomed,
- parallel to long side

Sample fractured
during cryo-cutting
process, second
exposed surface also
prepared for imaging

Figure 522 PDMSbacked source with 2.5 wt. % MWCNThree sections of the source material
were cut as shown in the image for edgewise optical imaging of the CPN layer
thickness on PDM®acking. The surface of the cut samples are sequentially
numbered as 1, 2, and 3.

Edgewiseoptical imagesof the CPN layer thicknesswere capturedusinga 3D microscope
(Alicona InfiniteFocus,Graz,Austria)at 20 magnificationusinga combinationof full ring light and
coaxiallighting to illuminate the surface filtered with a polariser.This provedthe mosteffectiveway
to optimise contrastbetweenthe optically absorbingCPN layer and the transparenPDMS backing
without emphasisingny residualsurfacetextureafter cutting (somecutting relatedstriationscanbe
seenon the surfacein Figure 5-3). Difficulties with clampingthe soft surfacesperfectly flat and
perpendicularto the imaging axis limited the resultantimage quality. Imageswere capturedat
440.2nm per pixel resolution.Edgewiseoptical imagestakenfrom the three samplesare shownin
Figure5-3.



Test of CPN Sources using Two Lasers 125

The thicknessof the CPN layerin eachsamplewas found by analysingthe opticalimages.
The numberof pixelsin the CPNlayeralongeachpixel columnof theimagewereseparatelycounted
using a thresholdingtechniqueusing MATLAB. The pixel resolutionwas usedto convertthe pixel
count to thickness,which when averagedor eachsampleimage was found to be 12.2,15.7 and
15.1A i. The averageCPN layer thicknessfrom the samplesvas14.4 1.9A [. This valueis only

3% highercomparedo 14 1.7 A | obtainedirom the optical absorbancenethod.

Figure 5-3: Edge wise optical image of the three samples of which only a corner region of the
image is shownThe size of the image is 200700A i. The thickness of the CPN

layer in each sample was found by analysing the images as described in the text.

5.3 Testof CPN Sourcesusing Two Lasers

The experimentaketupusedto testthe glassbackedand PDMS-backedsourceswas similar to the
setupdescribedn Sec.3.3.1 exceptwith two minor changesAn additionalfibre-coupledlaserwas
purchasedvith a pulsedurationof 2.6 nsoperatingat 1064nm. The laser(M-NANO, Montfort Laser
GmbH, Gotzis, Austria) is a diode pumpedQ-switchedNd:YAG lasercoupledwith a fibre-bundle
(CeramOptec GmbH, Bonn, Germany) of 5mm aperture size. This laser was specifically
commissionedor usewith the final LGUS source,which is discussedn detail in Chapter6. The

UT1602 hydrophoneusedto measurehe LGUS responsérom CPN sourcesin Chapter3 became

































































































































































































































