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ABSTRACT 

Faculty of Natural and Environmental Sciences 
 

School of Chemistry 

Doctor of Philosophy 

AN INVESTIGATION OF ELECTROCHEMICAL SINGLE BUBBLE 
SONOLUMINESCENCE 

By Raissa Shulyak 

A technique for stable and reproducible electrochemically generated SBSL events (eSBSL) 
is presented. This approach is shown to have some advantages over conventional seeding 
methods. These include control of the initial gas flux and control of the initial SBSL 
bubble composition within the same media (e.g. the ability to seed with H2 and O2 for 
example). Comparison of different cell types shows that a cell setup based on conventional 
round bottomed flasks is the most appropriate for eSBSL generation. Typically a critical 
current (-0.11 mA) is required to generate a hydrogen seeded eSBSL event from a 50 µm 
diameter Pt electrode while oxygen seeding requires +0.15 mA under the same conditions.  
  Two types of bubble dynamics are observed when high-speed imaging is employed to 
study the eSBSL event behaviour. Most of the bubbles oscillate repetitively in a non-linear 
fashion as expected. However, some bubbles fragmented into clusters of smaller bubbles 
before coalescing in a repetitive fashion. 
  The eSBSL event is shown to be extremely sensitive to experimental parameters such as 
the acoustic pressure amplitude, solution temperature, solution composition, applied 
frequency and local environment. In particular trace noble gase (Ar) is shown to affect the 
eSBSL event characteristics. At Ar concentrations below 0.3 µmol dm-3 (determined by a 
residual gas analyser) short-lived (10-40 s) and fading eSBSL events are observed. The 
emission spectra showed a red centred ‘black body like’ character in disagreement with the 
available literature. In addition some evidence for OH* emission is presented for these 
short lived events. It is proposed that these eSBSL events contain primarily gas they were 
seeded with. At higher Ar concentrations (0.3-1.5 µmol dm-3), long-lived SBSL events are 
observed. These tend to produce two kinds of emission spectra. One is a blue centred 
spectrum and second is a double-peaked red-blue spectrum. It is postulated that these 
eSBSL bubbles initially contain the gas they were seeded with but are gradually converted 
to an Ar rich noble gas SBSL event from the solution. At higher solution gas 
concentrations no stable SBSL could be observed. 
  Emission lifetime is measured using time correlated single photon counting (TCSPC). 
The FWHM values for hydrogen/oxygen seeded eSBSL events are in the range of 290-315 
ps under the conditions employed. 

iii 
 



Contents 
 

Declaration of Authorship .................................................................................................. viii 

Acknowledgements ............................................................................................................... ix 

Symbols and Abbreviations ................................................................................................... x 

Symbols ................................................................................................................................. x 

Abbreviations ....................................................................................................................... xii 

1 Chapter 1: Introduction ....................................................................................................... 1 

1.1 Sonoluminescence ........................................................................................................... 1 

1.2 Cavitation ......................................................................................................................... 2 

1.2.1 Thresholds in bubble behaviour .................................................................................... 3 

1.2.2 Acoustic pressure amplitude threshold ......................................................................... 3 

1.2.3 Initial bubble radius threshold ...................................................................................... 4 

1.2.4 Ultrasound ..................................................................................................................... 6 

1.3 SBSL characterisation ..................................................................................................... 7 

1.3.1 Sound field .................................................................................................................... 7 

1.3.2 Bubble dynamics .......................................................................................................... 9 

1.3.2.1 Theoretical calculations ............................................................................................. 9 

1.3.2.2 Example of bubble behaviour .................................................................................. 10 

1.3.2.3 Experimental findings .............................................................................................. 11 

1.3.3 Shock waves ............................................................................................................... 12 

1.4 Experimental conditions ................................................................................................ 14 

1.4.1 Nature of the liquid ..................................................................................................... 14 

1.4.1.1 Gas content .............................................................................................................. 14 

1.4.1.2 Ambient temperature effect ..................................................................................... 17 

1.4.1.3 SBSL in different liquids ......................................................................................... 18 

1.4.1.4 Additives and impurities .......................................................................................... 20 

1.4.2 Generation of the bubble ............................................................................................ 20 

1.4.2.1 Electrochemical seeding of the SBSL event ............................................................ 21 

1.4.2.1.1 Microelectrodes .................................................................................................... 22 

1.5 SBSL parameters ........................................................................................................... 24 

1.5.1.1 Temperatures ........................................................................................................... 24 

1.5.1.2 Pressures .................................................................................................................. 28 

iv 
 



1.5.1.3 Bubble contents ........................................................................................................ 28 

1.5.1.4 Radical emission ...................................................................................................... 30 

1.5.2 Light emission ............................................................................................................. 32 

1.5.2.1 Pulse width ............................................................................................................... 32 

1.5.2.1.1 TCSPC .................................................................................................................. 35 

1.5.2.2 SBSL spectrum ........................................................................................................ 35 

1.5.2.3 Theories of light emission ........................................................................................ 39 

1.5.2.3.1 Thermal Mechanisms ............................................................................................ 40 

1.5.2.3.1.1 Hot spot model ................................................................................................... 40 

1.5.2.3.1.1.1 Blackbody radiation ........................................................................................ 40 

1.5.2.3.1.1.2 Neutral and ion bremsstrahlung emission ....................................................... 40 

1.5.2.3.1.2 Opacity model .................................................................................................... 41 

1.5.2.3.1.3 Shockwave model .............................................................................................. 41 

1.5.2.3.1.4 Collision induced emission ................................................................................ 42 

1.5.2.3.2 Electrical Mechanisms .......................................................................................... 43 

1.5.2.3.2.1 Local electrisation theory ................................................................................... 43 

1.5.2.3.2.2 Jet model ............................................................................................................ 43 

1.5.2.3.2.3 Quantum vacuum radiation ................................................................................ 43 

1.5.2.3.3 Light emission from hydrogen bubble .................................................................. 44 

1.6 Summary of the work presented .................................................................................... 44 

1.7 References ...................................................................................................................... 45 

2 Chapter: Experimental ...................................................................................................... 53 

2.1 Single bubble sonoluminescence generation ................................................................. 53 

2.1.1 Generation of ultrasound ............................................................................................. 53 

2.1.2 Cell designs ................................................................................................................. 53 

2.1.3 Degassing procedure ................................................................................................... 62 

2.1.4 Seeding of the SBSL event ......................................................................................... 65 

2.1.4.1 Manual injection....................................................................................................... 65 

2.1.4.2 Electrochemical seeding (eSBSL) ........................................................................... 65 

2.1.4.2.1 Electrodes .............................................................................................................. 65 

2.1.4.2.1.1 Needle electrodes (NE) ...................................................................................... 65 

2.1.4.2.1.2 Microelectrodes (ME) ........................................................................................ 68 

2.1.4.2.1.3 Macro electrodes (McE) ..................................................................................... 69 

v 
 



2.1.5 Chemicals and solutions ............................................................................................. 69 

2.1.6 SBSL generation overview ......................................................................................... 70 

2.1.7 Speed of sound measurements .................................................................................... 71 

2.2 Low light imaging .......................................................................................................... 71 

2.3 Double SBSL experiment .............................................................................................. 73 

2.4 Nobel gas doping ........................................................................................................... 74 

2.5 SBSL driving pressure measurements ........................................................................... 75 

2.6 Analysis of the impurities .............................................................................................. 75 

2.7 Preliminary experiments on stable eSBSL event ........................................................... 75 

2.7.1 Gas injection into stable SBSL event ......................................................................... 76 

2.7.2 SBSL electrochemical detection ................................................................................. 76 

2.8 High-speed imaging ....................................................................................................... 77 

2.9 TCSPC ........................................................................................................................... 78 

2.10 Spectral emission measurements ................................................................................. 80 

2.11 Mass-spectrometry ....................................................................................................... 82 

2.12 References .................................................................................................................... 85 

3 Chapter: eSBSL experiment development and preliminary SBSL event characterisation
 ............................................................................................................................................. 87 

3.1 Development of cells and experimental protocol .......................................................... 87 

3.1.1 Manual injection ......................................................................................................... 87 

3.1.1.1 Solution height calculation in experiments with cylindrical cells ........................... 88 

3.1.2 Electrochemical bubble seeding ................................................................................. 90 

3.1.2.1 SBSL with Cl2 bubbles ........................................................................................... 94 

3.1.2.2 Double eSBSL experiment ...................................................................................... 95 

3.1.2.3 Argon doped SBSL .................................................................................................. 96 

3.1.2.4 SBSL driving pressure measurements ..................................................................... 99 

3.1.2.5 Problems encountered during SBSL generation experiments ............................... 107 

3.1.2.5.1 Solution contamination ....................................................................................... 108 

3.1.2.5.2 Streaking from the electrode ............................................................................... 111 

3.2 Preliminary experiments on stable eSBSL event ......................................................... 112 

3.2.1.1 Gas injection into stable SBSL event .................................................................... 112 

3.3 Electrochemical detection of the SBSL event ............................................................. 113 

3.4 Conclusion ................................................................................................................... 116 

3.5 References .................................................................................................................... 117 

vi 
 



4 Chapter: High-speed imaging ......................................................................................... 119 

4.1 SBSL imaging .............................................................................................................. 119 

4.2 Imaging of bubble generation on the electrode ............................................................ 126 

4.2.1 Bubble seeding on the electrode in an absence of acoustic excitation ...................... 126 

4.2.2 Bubble generation on the electrode in the presence of acoustic excitation............... 133 

4.3 Conclusions and further work ...................................................................................... 142 

4.4 References .................................................................................................................... 143 

5 Chapter: Time Correlated Single Photon Counting (TCSPC) ........................................ 145 

5.1 Initial detector tests ...................................................................................................... 145 

5.2 Experiments using setup without amplifiers ................................................................ 147 

5.3 Experiments using setup with amplifiers ..................................................................... 163 

5.4 Conclusions and further work ...................................................................................... 164 

5.5 References .................................................................................................................... 165 

6 Chapter 6: Mass-spectrometry ........................................................................................ 167 

6.1 Results .......................................................................................................................... 174 

6.2 Conclusion ................................................................................................................... 175 

6.3 References .................................................................................................................... 176 

7 Chapter 7: SBSL luminescence measurements ............................................................... 177 

7.1 PI-MAX System ........................................................................................................... 177 

7.1.1 Hydrogen seeded SBSL ............................................................................................ 179 

7.1.2 Oxygen seeded SBSL ................................................................................................ 183 

7.2 “Kinetic” system .......................................................................................................... 187 

7.2.1 Gas injection into SBSL ............................................................................................ 194 

7.3 Conclusion and further work ........................................................................................ 195 

7.4 References .................................................................................................................... 195 

8 Chapter 8: Conclusion and Future Work ........................................................................ 197 

 

vii 
 



viii 

 

Declaration of Authorship  

 
I, Raissa Shulyak, declare that the thesis entitled  
 
An Investigation of Electrochemical Single Bubble Sonoluminescence 
  
and the work presented in the thesis are both my own, and have been generated 
by me as the result of my own original research.  I confirm that: 
  

   this work was done wholly or mainly while in candidature for a research 
degree at this University; 

  

   where I have consulted the published work of others, this is always clearly 
attributed; 

  

   where I have quoted from the work of others, the source is always given. 
With the exception of such quotations, this thesis is entirely my own work; 

  

   I have acknowledged all main sources of help; 
  

   none of this work has been published before submission. 
  

  

  

  

  

  

Signed: ………………………………………………………………… 
  

Date:……………………………………………………………………… 



 

ix 

 

Acknowledgements 

 

I would like to extend my gratitude to following people for their help, support, advice and 

assistance throughout the course of my PhD studies. In particular I would like to thank: 

 

Dr Peter Birkin, my supervisor, for all his assistance, enthusiasm and patience throughout 

the course of research. I would like to express particular thanks for his assistance, guidance 

and encouragement in the writing of this thesis. 

 

The Birkin research group: Katie, Chris, Doug and Jyo for their friendship and endless 

support. 

 

Phil, Matt, Yasu, Pan and Laura for all the great time spent together. 

 

My husband who has been a never-ending source of encouragement and support 

throughout the years of this study. 

 

My family for their love and support. Especially to my Mum for coming over and helping 

out during the time I wrote up the thesis. 

 

Richard Brownsword for all the valuable advices and discussions. 

 

I acknowledge the funding given by EPSRC. 



Symbols and Abbreviations 
 

Symbols 
 

a Radius of the electrode 

ax The height of the Gaussian curve's peak 

A1 Surface area of the electrode 

bx The position of the centre of the Gaussian curve's peak 

c Speed of sound propagated through a media 

cb Bulk concentration of electro-active species 

cx Controls the width of the Gaussian curve's  "bell" 

d The active diameter of the light sensitive sensor 

D Diffusion coefficient 

fmnq Resonance frequency of the pressure wave 

fx Gaussian function 

F Faraday’s constant 

i Current recorded at the electrode 

iMTL The steady state mass transfer limiting current 

j Current density 

jmn 
nth stationary value of the Bessel function of the first kind of the 

order m 

km Mass transfer coefficient 

Ndet Number of photons per flash detected by the PMT 

Nem Number of photons per flash emitted by SBSL event 

L Height of the liquid media 

x 
 



ne Number of electrons 

PA Acoustic pressure amplitude 

PB Blake Pressure 

P0 Hydrostatic liquid pressure 

P∞ Acoustic pressure at an infinite distance from the bubble at any 

time 

∆Pwall The time averaged pressure difference across the bubble wall 

q Number of pressure antinodes in the vertical direction in the cell 

r Distance from the luminescing bubble to the detector active area 

rc Inner cylinder radius 

R Radius of a bubble 

R0 Equilibrium bubble radius 

RB Blake radius of a bubble 

Rmax Maximum bubble radius 

Rmin Minimum bubble radius 

Rr, The resonant bubble radius 

sσ Standard error for σs 

sFWHM Standard error for FWHM 

t Time 

t1 Time taken, after start of negative-halfcycle of a sinusoidal pulse, 

for the negative acoustic pressure to exceed PB 

t2 Time until the liquid ceases to be in tension after start of 

negative-halfcycle of a sinusoidal pulse 

tconst Table constant at 95% confidence 

tgrow Net time for bubble growth in prompt response to negative 

sinusoidal pressure pulse 

xi 
 



λ Wavelength 

η Viscosity of the liquid 

θ Relative intensity 

ρ Liquid density 

σ Surface tension of the liquid 

σs Standard deviation 

ωi Imaging rate 

ωf Speed of SBSL 

 

 

Abbreviations 
 

ADC Analog-to-Digital Converter 

AU Arbitrary Units 

CCD Charge-Coupled Device 

CV Cyclic Voltammogram 

DC Direct current 

EDX Energy Dispersive X-Ray 

eSBSL Electrochemically Seeded Single Bubble Sonoluminescence 

FWHM Full Width at Half Maximum 

ICCD Imaging Charge-Coupled Device 

MBSL Multi Bubble Sonoluminescence 

McE Macroelectrode 

ME Microelectrode 

MS Mass-spectrometry 

xii 
 



NBR Nitrile Rubber 

NE Needle Electrode 

OFN Oxygen Free Nitrogen 

PC Personal Computer 

PMMA Poly (Methyl) Methacrylate 

PMT Photomultiplier 

PTG Programmable Timing Generator 

PTP Peak-to-Peak 

RGA Residual Gas Analyser 

SBSL Single Bubble Sonoluminescence 

SEM Scanning Electron Microscopy 

SL Sonoluminescence 

SP Stripping peak 

TAC Time-to-Amplitude Converter 

TCSPC Time Correlated Single Photon Counting 

UV Ultraviolet 

 
  

xiii 
 



 

xiv 
 



Chapter 1 : Introduction 
 

 

 

 Chapter 1: Introduction 
 

 

1.1  Sonoluminescence 

Sonoluminescence is the emission of light by bubbles in a liquid excited by sound. The 

phenomenon was first indirectly observed by Marinesco and Trillat in 1933 [1], when 

they noted the fogging of a photographic plate immersed in a water bath irradiated by 

high intensity ultrasound. Although at the time the effect was attributed to chemical 

interaction of ultrasonic waves with silver halide to cause thermal and colloidal-

chemical processes in the photoemulsion. Frenzel and Schultes [2] were later credited 

with the official discovery of sonoluminescence. In their experiment the darkening of 

ultrasound exposed photographic plates in a water bath was put down to luminescence 

from clouds of cavitating gas bubbles formed in ultrasonic fields, which was later 

proved by Harvey [3]. 

 

Two classes of sonoluminescence may be defined: multi bubble sonoluminescence 

(MBSL) and single bubble sonoluminescence (SBSL). Multi bubble sonoluminescence 

is light emission from a large number of bubbles created by cavitation in a liquid 

excited by sound. Many separate cavitation events take place, each emitting a single 

flash of light per pressure cycle as a result of bubble collapse. During SBSL experiment, 

a single bubble is acoustically levitated within a suitable sound field. Under appropriate 

conditions the bubble grows during the rarefaction phase of the pressure field and then 

collapses emitting light and rebounds during the compression phase for several pressure 

cycles. This process is illustrated schematically in Figure 1.1. 

 

Single bubble sonoluminescence was first reported by Gaitan et al. [4]. In this work an 

SBSL event was obtained using a standing wave sound field in a glass flask. As a result 

a stable single pulsating bubble with a “life cycle” of 10 ms and a clock like repetitive 

light emission was obtained. The oscillation of the bubble during SBSL event is classed 

as a type of acoustic cavitation. 
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Figure 1.1. Schematic illustration of SBSL event. After Yasui [5]. 

 

1.2  Cavitation 

In general acoustic cavitation may be defined as generation and activity of bubbles 

(cavities) in a liquid as a result of acoustically driven pressure changes [6-9]. The 

cavities may contain gas or vapour or a mixture of both [8]. Cavitation can be 

characterized by bubbles which undergo formation, growth during the rarefaction cycle 

(negative pressure) followed by a collapse during the compression cycle of the sound 

wave. This is illustrated schematically in Figure 1.2 [10].  

 
 

Figure 1.2. Schematic of the calculated radial response of a bubble driven by a sinusoidal acoustic field. 

The bubble is assumed to be in equilibrium with respect to mass transport across the interface (i.e., no net 

change in intracavity mass over any single acoustic cycle). Thus, the bubble revisits the same spatial 

parameter space and shows no phase shift from one cycle to the next. After Suslick et al. [10]. 
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Acoustic cavitation may be divided into two types: transient (inertial) and stable (non-

inertial) [6, 8, 9, 11]. In case of non-inertial cavitation the bubble is stable over extended 

time periods and the radius oscillates periodically for many cycles of sound pressure 

field. Conversely, inertial cavitation is a phenomenon of shorter duration. In this case 

the bubble exists for as little as one pressure cycle. This type of cavitation can also be 

characterised by two key parameters: explosive growth followed by a sudden, vigorous 

collapse of the bubble. After reaching minimum size, the bubble rebounds emitting a 

pressure pulse into the liquid [9]. The significant energy concentration in the liquid 

leads to a to a variety of physical and chemical effects including light emission [6-9, 12-

14], enhanced mass transfer to an electrode surface [9, 12, 13], bubble motion [6, 13], 

surface effects (erosion/corrosion) [7, 8, 12, 15], radical generation [13, 16], shock 

waves [7, 8, 12, 17, 18] and free surface instabilities [19]. 

 

Whether a particular bubble will undergo inertial or non-inertial cavitation depends 

strongly on the local environment, nature of the liquid (added chemicals, impurities and 

dissolved gas), sound frequency, acoustic pressure amplitude and initial bubble radius 

[6]. 

 

1.2.1  Thresholds in bubble behaviour 

Thresholds in bubble radius and pressure required for a bubble to undergo inertial 

cavitation were presented by a number of researches [9, 20]. These will be discussed in 

detail now. 

 

1.2.2  Acoustic pressure amplitude threshold 

In order for cavitation to take place in the presence of pre-existing nuclei, be it inertial 

or non-inertial, the tension in the liquid must exceed the Blake pressure to allow 

explosive or rapid bubble growth to take place [8, 9]. The Blake pressure is given by 

Equation 1.1: 

 
Equation 1.1. 

( )( )BoB
oB RPR

PP
/22

3
9

8
3 σ

σσ
+

+=    (valid for R0<< Rr) 
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where R0 is the equilibrium bubble radius which is termed RB the Blake radius in 

Equation 1.1; Rr, the radius of a bubble that would be in pulsation resonance with the 

incident sound field; PB (the Blake pressure) is the minimum acoustic pressure at which 

a gas bubble of radius RB will grow rapidly; Po is the hydrostatic liquid pressure outside 

the bubble and σ is the surface tension of the liquid [8]. 

 

When the liquid pressure reduces below Blake pressure for a given bubble larger than 

some critical radius then the bubble begins to grow rapidly. These pressure conditions 

can be maintained around explosively expanding cavity for a short time only thus the 

bubble would expand to some maximum radius followed by reduction in size and 

possible collapse (in case of inertial cavitation) [9] in an acoustic environment. It should 

be noted that Equation 1.1 can only predict bubble explosive growth for processes that 

are quasi-static and where surface tension dominates inertial and viscous effects [8, 9]. 

 

The upper limit of the drive pressure amplitude is restricted by bubble instabilities of 

two types [8, 9, 19, 21]: 

• Diffusive instabilities. Free-floating bubbles will rise to the surface of the liquid and 

escape due to buoyancy. Bubbles smaller than the critical size will dissolve due to 

diffusion of gas out of the bubble. 

• Shape instabilities. Asymmetry in bubble shape will result in destruction of the 

bubble as it grows due to small thermal variations on bubble surface. 

Ignoring these effects, we are able to consider the fate of an individual bubble exposed 

to different pressure conditions. 

 

1.2.3  Initial bubble radius threshold 

The forces governing the bubble collapse phase are used to define the type of cavitation. 

For example if the inertia in the liquid dominates the collapse, the cavitation event is 

termed inertial (alternatively referred to as “transient). Under these conditions the 

physical and chemical effects of cavitation (such as erosion, radical production and light 

emission) are assumed to be produced. However, if the pressure within the collapsing 

gas bubble dominates, then the event is termed non-inertial. Under these conditions 

rapid bubble motion is assumed but no detectable cavitation effects are observed. 

 

4 
 



Chapter 1 : Introduction 
 

Several analytical formulations to determine threshold in initial bubble radius required 

for a bubble to undergo inertial cavitation were proposed. The lower threshold limit may 

be calculated using Blake threshold pressure lower limit (Equation 1.1). If the acoustic 

pressure exceeds the Blake pressure PB then bubbles with initial radius R0 greater than 

critical bubble radius RB will be active and undergo cavitation [9]. However, these 

bubble events need not be inertial. In order to achieve this inertial event state, the 

conditions must be suitable for the second threshold to be breached. 

 

Holland and Apfel [20] proposed an analytical model that incorporated both lower and 

upper thresholds. A schematic diagram of the model is presented in Figure 1.3.  

 
Figure 1.3. The model response of a bubble undergoing inertial cavitation to the pressure field. Figure taken from 

Leighton’s [9] redrawing of Holland and Apfel [20]. 

It can be seen in Figure 1.3 that negative phase of the sound field precedes the positive 

and the liquid initially goes into tension. At time t=t1, the negative pressure amplitude 

in the liquid reaches Blake threshold pressure PB. There is a delay in time before the 

bubble responds with explosive growth that is caused by the inertia, viscosity of the 

liquid and the effect of Laplace pressure. During tgrow the bubble expands rapidly as a 
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result of the pressure difference across the bubble wall. At t2 the liquid ceases to be in 

tension but the bubble growth continues due to fluid momentum until maximum bubble 

radius Rmax is reached. Holland et al. [20] reported that the maximum radius attained by 

the bubble can be determined by Equation 1.2. 

 
Equation 1.2. 

3/1

0
0max 1

3
2









+

∆









 ∆
+=

P
P

t
P
P

RR wall
grow

A

wall

, 

 

where PA is acoustic pressure amplitude, ∆Pwall is the time averaged pressure difference 

across the bubble wall and tgrow is net time for bubble growth in prompt response to 

negative sinusoidal pressure pulse [9, 20]. 

 

In case of inertial cavitation PA is increased until expansion ration of 𝑅𝑚𝑎𝑥
𝑅0

= 2.3 is 

reached. The forces acting on the bubble then cause it to rapidly collapse to Rmin. 

Some approximations included in the model are as follows: 

• The temperatures of above 5000K should be generated inside the bubble in case 

of inertial cavitation assuming an adiabatic collapse 

• These threshold calculations apply to an isolated bubble exposed to a single 

acoustic cycle 

• The bubbles are expected to undergo prompt cavitation, e.g. cavitate after one 

acoustic cycle 

 

1.2.4 Ultrasound 

A great variety of methods has been used to cavitate water and produce 

sonoluminescence. These include induction with laser [22], sparking [23], 

hydrodynamic flow [24] and ultrasound [9, 12, 13]. Cavitation generation through the 

use of ultrasound (defined as the sound with a frequency above 16 kHz) is 

experimentally relatively easy and a widely used technique for the study and 

exploitation of this phenomenon. High-intensity ultrasound can induce a wide range of 

chemical and physical consequences by creating extreme temperatures and pressures 

inside the cavitating bubble. These include enhanced mass transport, emulsification, 
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bulk thermal heating, and a variety of effects on solids [25]. One of the most exciting 

and practical effects is realisation of chemical reactions for the preparation of 

nanomaterials. The range of materials that can be synthesized by the means of 

ultrasound covers metals [25, 26], metal carbides/nitrides/oxides/sulfides [25], alloys 

[25, 26], chalcogenides [26] and single crystal diamond [27, 28]. The sonochemical 

synthesis of nanostructured materials is extremely versatile; various solid phase forms 

(amorphous, crystalline) and morphology (spheres, nanotubes, nanorods etc.) of 

nanophase materials can be generated simply by changing the reaction medium and 

experimental conditions. 

 

While the physical and chemical effects of cavitation are well documented, a 

fundamental understanding of a single event is useful. To this end the project presented 

concentrated on SBSL events. A general introduction to this phenomenon is now given. 

 

1.3  SBSL characterisation 

1.3.1 Sound field 

In order to generate and maintain the SBSL event, it is necessary to employ a suitable 

sound field. Normally this is achieved through the employment of a resonant vessel. 

Such an acoustic resonator is generated if the shape of the liquid medium is 

axisymmetric (e.g. a spherical or cylindrical cell) [19, 29]. Consider a cylinder standing 

on a flat base (see Figure 1.4). Since sound is spread through a series of compressions 

and rarefactions the resonant acoustic field can be considered to be a standing 

sinusoidally varying pressure field that is axially symmetric. The resonance frequency 

fmnq of this pressure wave for cylinder considering the appropriate boundary conditions 

is given by Equation 1.3. 
Equation 1.3 

22 ]+[(2 + )/= Lqrj cmn /21)  ( )(c/2 fmnq ππ  

 

where c is the speed of sound propagated through a media, jmn is nth stationary value of 

the Bessel function of the first kind of the order m, rc is the inner cylinder radius, q is 
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number of pressure antinodes in the vertical direction in the cell and L is height of the 

liquid media [19, 29]. 

 

 
Figure 1.4. Pressure field involved in trapping sonoluminescing bubble within cylindrical cell. Pressure 

antinodes (dark area) distribution inside the cell in vertical direction is shown on plot (a). Pressure 

antinodes (dark area) distribution inside the cell in radial direction is shown on plot (b). 
 

In order to understand the behaviour of a bubble within a standing wave acoustic field, 

it is necessary to consider the phase of the bubble oscillation and pressure gradients, 

which can create a net force acting on the bubble. A pressure gradient exists across a 

bubble of finite size if it is placed in a standing-wave field [9, 29]. The pressure gradient 

oscillates as bubble oscillations occur. The pressure gradient will always act on a bubble 

to force it into region of lower pressure [30]. During the negative part of acoustic wave 

the region of lower pressure exists at the pressure antinode of the sound field and during 

the positive part at the pressure node. Linearly oscillating bubbles of less than resonant 

size (R<R0) are forced by the pressure gradient into pressure antinodes while those 

larger than resonant size (R>R0) are moved into the pressure nodes, this is known as 

Bjerknes force. Hence bubbles with a resonant frequency greater than the acoustic field 

are trapped at the pressure antinode as long as the pressure field and subsequently 

acoustic radiation forces are greater than the buoyancy forces acting on the bubble 

within the liquid [19, 30]. It has to be noted that both acoustic and buoyancy forces are 

fluctuating over time, resulting in small changes to bubble equilibrium position [30]. 
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1.3.2 Bubble dynamics 

1.3.2.1 Theoretical calculations 

The radial motion of an acoustically driven spherical bubble during SBSL can be 

characterized by Rayleigh-Plesset type equation (Equation 1.4). 

 
Equation 1.4 
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where overdots indicate first (velocity) and second (acceleration) derivatives of the 

interface with respect to time, ρ is the bulk liquid density, η is the viscosity of the liquid 

and P∞ is acoustic pressure at an infinite distance from the bubble at any time [4, 10, 19, 

31]. The left hand term of Equation 1.4 describes the inertial response of the bubble to 

the net force existing on the bubble interface, which, as on the right hand side of 

equation, is due to the difference in pressures inside and outside the bubble. 

 

Several assumptions are made when modelling Rayleigh-Plesset formulations: 

• the bubble remains spherical; 

• the density of the liquid is much larger than the density of the gas within the bubble; 

• the bubble contents obey the ideal gas law; 

• the internal pressure remains uniform throughout the bubble; 

• no evaporation or condensation occurs inside the bubble [4, 10]. 

 

There are many extensions to the Rayleigh-Plesset equation including adding in the 

damping produced by the sound field emitted by the bubble itself [30], compressibility 

of the liquid [4, 30, 31], finite order terms in Mach number expansion [32] and heat 

exchange [33]. 
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1.3.2.2 Example of bubble behaviour 

Rayleigh-Plesset equation was numerically solved to describe bubble dynamics during 

the SBSL event using the program written by Offin [12]. The resulting plots of sound 

pressure amplitude, bubble radius and bubble wall velocity are presented in Figure 1.5.  
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Figure 1.5. Calculated radial response of a bubble driven by a sinusoidally oscillating acoustic field. The 

initial bubble radius is 2.5 μm, frequency is 27.0 kHz, applied pressure is 110 kPa, surface tension of the 

liquid is 0.073 Nm-1, density is 990 kgm-3, viscosity is 0.891 gm-1s-2 and vapour pressure is 3.5 kPa. 

 

In the beginning of simulation bubble has initial radius R0 at ambient conditions. As the 

acoustic wave enters rarefaction phase, the growth of the bubble begins. The volume 

growth is slow, linear and lasts for about half the cycle of a pressure field. Bubble 

expansion continues inertially during the compression phase of acoustic wave, but it is 

quickly terminated when maximum bubble radius Rmax is reached. A rapid and vigorous 

collapse of the bubble follows. The velocity of this collapse approaches or in some 

cases exceeds the speed of sound in the liquid at ambient temperature and pressure [30]. 

As the compression phase of the pressure field continues, the bubble radius continues 
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reducing quickly below R0 until minimum bubble radius Rmin is reached. Light emission 

occurs and bubble rebounds and expands rapidly, because gas and vapour are extremely 

compressed at Rmin. The bubble then goes through a series of secondary compressions 

and expansions until finally coming to rest at R0. The same radial motion is repeated for 

several pressure cycles. 

 

1.3.2.3 Experimental findings 

Experimental results were found to be in agreement with theoretical values of the 

acoustic pressure amplitude near the threshold for SBSL. The driving pressure of 1.1 to 

1.6 atm was found to be needed for a certain bubble radius in order for stable 

sonoluminescence to occur (Figure 1.6) [4, 31, 34-37].  

 

 
Figure 1.6. The drive-pressure parameter space for bubbles levitated in acoustic standing wave. Adapted 

from [31]. 

At lowest trapping pressures the radial motion of the bubble in the sound field is linear, 

but bubble dissolves with time and no light emission is observed. At higher pressure 

amplitudes of up to ≈1.1 atm bubble moves irregularly inside the sound field (“dancing 

region), though sonoluminescence can be observed in some cases. Stable single bubble 

sonoluminescence parameter space exists in a region from roughly 1.1 atm to 1.6 atm, 

depending on experimental conditions. In this region bubble oscillations are highly 

nonlinear but synchronous with the sound field, sonoluminescence occurs and bubble 

can be trapped in the liquid for hours at a time. At pressures above 1.6 atm only 

transient sonoluminescing bubbles can be observed. 

 

Numbers of stability criteria constrain the parameter space for stable SBSL: 

Acoustic pressure 

~1.6 atm ~1.1 atm 

Spherical 
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(non-spherical 
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• shape instability (bubble shape must remain constant) 

• diffusive instability (concentration of gas inside the bubble must remain constant) 

• chemical instability (bubble gas content chemical composition must remain constant) 

• Bjerknes instability (bubble position in acoustic field must remain constant [30, 31, 

36]. 

 

1.3.3 Shock waves 

Two kinds of shock ways could originate in the SBSL media: 

1. Shock waves spread in the liquid surrounding the luminescing bubble. These are 

produced on the solution/ bubble interface due to high pressure existence at the time of 

bubble collapse. 

2. Shock waves arising at the bubble collapse that are spread from the bubble walls 

towards the centre. 

 

The Rayleigh-Plesset equation can be used to predict the dynamics not only of the 

bubble radius, but also of the surrounding liquid. For large enough PA the presence of 

shock waves in the liquid results from the Rayleigh-Plesset response for the bubble 

wall, independent of the state of motion of the gas inside the bubble. Matula et al. [38] 

reported that the acoustic emission originates at or near the local bubble radius minima 

and observed acoustic emissions from the rebounds of the bubble. Barber et al. [39] 

have found that at a distance of about 1 mm from the bubble wall pressure pulses with 

rise time of 10 ns and amplitudes of about 3 atm depending on experimental conditions 

could be observed. After the corrections for geometric dispersion shock wave 

amplitudes at the point of emission were found to exceed 6000 atm. Wang et al. [40] 

demonstrated a good agreement with Barber’s results. In their experiments pressure 

pulses with rise time in a range of 5 to 30 ns and amplitudes of about 1 to 3 bars 

depending on experimental conditions could be observed at a distance of about 2.5 mm 

from the bubble wall. The width of the pressure wave was found to increase with the 

driving pressure and the gas concentration but is independent of the water temperature. 

Following a finite amplitude analysis, a good agreement between the experimental data 

and the calculated values was found. Gompf et al. [41] were able to visualize the shock 

wave leaving the bubble (see Figure 1.7). Their measurements of pressure amplitude 

and rise times were performed at a distance of about 50 μm from the bubble and results 
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were consistent with theoretical calculations. It was also found that during measurement 

of the bubble radius by Mie scattering technique, the scattering was produced by 

strongly compressed liquid around the bubble at the time of collapse and not by the 

bubble surface itself. Taking this effect into account the bubble wall velocities were 

found to be around 950 m/s, which is in good agreement with Rayleigh-Plesset 

equation, but is much lower than values of 1200-1600 m/s reported by Putterman and 

Weninger [42]. 

 

 

 
Figure 1.7. Streak image showing the last 10 ns of the bubble collapse is given in (a). After the SL pulse 

three lines can be distinguished: the centre line is due to light scattered at the bubble itself, the two outer 

lines correspond to the outgoing shock wave. Intensity profiles integrated over the whole image and along 

a selected area around the centre (marked by brackets) is presented in (b). After Gompf et al. [41]. 

A strong imploding shock front formed during the collapse inside the bubble was 

registered [43, 44]. This was attributed to be a reason for temperature increase inside the 

bubble followed by the ionisation of the contents, resulting in a plasma formation that 

emits a burst of light. 
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1.4  Experimental conditions 

1.4.1 Nature of the liquid 

In SBSL experiments, the nature of the liquid is the most difficult factor to control. The 

properties of the liquid are critically dependant on a number of factors including the 

following: the concentration and nature of gas dissolved; solution origin and 

concentration; the solid bodies (container walls); temperature and presence of impurities 

(contaminants and inhomogeneities).  

 

1.4.1.1 Gas content 

In order to generate SBSL liquid has to be partially degassed. Literature reports of the 

gas content in the liquid needed for stable SBSL vary from 1 % [45], 20-40% [4, 34] up 

to 50 % [46] for air bubbles. Krefting et al. [47] claim to have realised SBSL event in 

air-saturated water at ambient pressure and room temperature. The bubble behaviour 

was found to be similar to SBSL in degassed water but the light emission was much 

lower. Stability region was very narrow and limited by shape instabilities and special 

variability of bubble position. 

 

Single bubble sonoluminescence stability has been linked to the presence of noble gases 

(Ar in case of air bubbles) inside the system [30, 39, 48]. The values of 0.2-0.4% [34] 

up to 1 % [48] are reported for argon content needed to produce stable SBSL event. 

Please see Figure 1.8 for an example of noble gas doping effect on the SBSL containing 

nitrogen (taken from [48]). 
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Figure 1.8. Intensity of SL from a N2 bubble doped with Ar as a function of the degree of saturation of 

the gas mixture in water. Ambient pressure was 1 atm, ambient temperature was 240C, and the sound 

frequency was 24 kHz. In all cases, the light emission corresponded to the highest stable (duration >60 s) 

value that could be resolved. As saturation was approached, SL from a doped bubble decreased 

significantly. The gas mixture was dissolved into water at a pressure head of 150 mm. Purified water with 

resistance greater than 5 MΩ cm was used. Copied from [48]. 

If the 1 % of argon present in the air is removed from SBSL system, then the light 

emission from the event is reduced and bubble motion becomes unstable [48]. Pure 

noble gas bubbles in aqueous liquids tend to produce higher light emission compared to 

air bubbles with the width of the flash being accurately characterized by the intensity of 

the flash but being independent of the noble gas nature [39, 48].  

 

Noble gas bubble behaviour in non-aqueous liquids was found to be dependent on the 

gas nature [42, 49]. Pure helium and pure argon bubbles displayed no SL in such fluids 

at room temperature. Bubbles containing xenon produced higher light emission 

compared to air bubbles in water, but tended to be less stable and jittered spatially [42, 

49]. 

 

Evidence of SBSL from hydrogen, oxygen and nitrogen gases dissolved in water was 

produced [39, 48]. In case of nitrogen and oxygen bubbles emission and lifetime were 

low and no stable emission was observed. Luminescing bubbles containing H2 tended to 

be dimmer and less stable than air bubbles but more stable than N2 and O2 or their 

mixture containing bubbles [42]. The luminescence enhancement effect was observed 
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for noble gas doping with nitrogen and oxygen (as shown in Figures 1.8-1.9), but not 

hydrogen bubbles [39, 50].  

 
Figure 1.9. The enhancement effect from pure and noble gas doped oxygen bubbles. Taken from [39]. 

 

Absence of noble gas doping effect on hydrogen bubbles was attributed by the authors 

to the facts that the noble gas content of the bubble was below 10 ppm and there are no 

new final products that can deplete the hydrogen [42, 50]. However, this hypothesis is 

contradicted by the dissociation theory [51, 52] (this will be discussed in detail later), 

which states that only monoatomic (such as noble gases) constituents are present in the 

luminescing bubble. The maximum sonoluminescence intensity of nitrogen bubble was 

found to be about 1% of that of an air bubble as shown in Figure 1.8. The stability of 

the event is thought to be achieved by the presence of the water vapour in the bubble. 

 

In spite the widely accepted view that stable SBSL can only be achieved in the presence 

of noble gas, Vasquez et al. [53] first reported SBSL from non-noble gas system 

containing hydrogen in water. Sonoluminescence and stability of hydrogen bubbles 

were found to be much lower than from air bubbles but higher than from pure nitrogen 

and oxygen bubbles [50, 53]. SL spectrum from H2 bubbles was found to fit a 

blackbody spectrum well. Levinsen and Dam [54] reported stable SBSL from nitrogen 

in the absence of noble gas. The emission from such a bubble was found to be much 
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weaker and spectrum much colder compared to the stable air or Ar containing bubble. 

The stability of nitrogen bubbles was lowered in case of solution contamination with 

noble gas (Ar especially) and particles. 

 

1.4.1.2 Ambient temperature effect 

It has been reported that intensity of SBSL generally increases when the liquid is cooled 

down [39, 49, 55]. Barber et al. [55] reported an increase by a factor of over 200 as the 

water was cooled from 40 to 1˚ C for air bubbles in water. For all noble gases an 

increase by a factor of about 10 as water was cooled from room temperature to 0˚ C was 

observed by Vasquez et al. [53]. Hiller et al. [56] found that for an air bubble trapped in 

water the SBSL intensity increases by a factor of 10 if the temperature is lowered from 

22˚ C (corresponds to 0.5 x 106 photons per flash) to 7˚C (6 x 106 photons per flash). 

Germano et al. [57] discovered that the priming of sonoluminescence takes place at 

lower pressure values when water temperature is lower. An almost linear dependence of 

the threshold up to about 14º C and an almost independent behaviour above 20º C were 

observed in their experiments. Please see Figure 1.10 for their results. Better efficiency 

of sonoluminescence at lower temperatures was appointed to lower vapour diffusion 

inside the bubble, that permits smaller minimum radius to be achieved, and 

consequently higher bubble temperatures. Similarly as for other liquids the intensity of 

sonoluminescence in aqueous solutions of NaCl increases with decreasing temperature 

[58]. Clearly the solution and physical conditions affect the luminescence of these 

SBSL events to a greater or lesser extent, but the reason for the “cooling effect” is yet to 

be found. 
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Figure 1.10. Single bubble sonoluminescence threshold (voltage sent to the acoustic horn), vs. water 

temperature. A linear dependence of threshold-temperature exists till about 14o C, and then there is a 

change in slope till about 20o C and the threshold value is independent of temperature, above 20o C. After 

Germano et al. [57]. 

 

1.4.1.3 SBSL in different liquids 

Water has been the liquid of choice for SBSL experiments since the early days of SBSL 

[38, 47, 48, 54, 59]. Over the years several researchers have investigated the SBSL 

behavior in different fluids. A change of the liquid in which a bubble oscillates has 

profound consequences on SBSL characteristics such as light emission, bubble size and 

stability, largely because of chemical reactions occurring inside the bubble, change in 

surface tension and viscosity of the fluid. Chakravarty et al. [60] used “water hammer” 

tubes to investigate the full parameter space of SL in different liquids. The SL intensity 

was found to increase in a range of water (about 106 photons/flash)-liquid paraffin BP-

silicon oil-glycerin-ethylene glycol-dibutyl phthalate-sulphuric acid (100 %)-phosphoric 

acid (100 %) (about 1012 photons/flash) (all liquids contained xenon gas at a pressure of 

20 Torr). The liquids that gave the best performance were found to be those that have a 

low vapor pressure and a high degree of stability against decomposition (strongly 

hydrogen-bonded). In more recent work with low-volatility liquids such as sulphuric 
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and phosphoric acids with noble gas content (typically Xe) it was confirmed that, 

although the light emission can be several nanoseconds in duration, the bubble 

implosion is much slower than in water but much stronger SL can be produced with a 

very informative spectrum allowing quantification of intra-cavity conditions and 

providing evidence of plasma formation [61, 62]. It was thought that only “moving 

SBSL” (bubble is moving around pressure antinode it is trapped at could be obtained in 

non-volatile liquids [61, 63], but latest reports suggest stable SBSL events could also be 

produced [37, 64, 65]. The quenching of highly emissive species and of plasma by small 

molecules during SBSL can observed from concentrated H2SO4 solutions containing 

mixtures of air and noble gas (Ar or He) [66]. Weninger et al. [49] showed that weakly 

emitting, unstable single luminescing bubbles could be produced in pure alcohols. The 

reduction in light emission compared to water could be attributed to the fact that 

alcohols are surface active and invade the bubble at collapse, drastically reducing 

temperatures inside the bubble [30]. Matula et al. [67] have observed stable 

sonoluminescence from aqueous alkali metal chloride solutions. Hayashi et al. [68, 69] 

reported SBSL generation in aqueous solutions of inorganic salts (NaCl, KCl, LiBr and 

LiCl) of different concentrations. Higher sonoluminescence intensity compared to water 

could be observed (see Figure 1.11) which was attributed to vapor pressure decrease. 

This finding also suggests that the higher the salt concentration, the higher the 

sonoluminescence intensity though at the same time reduction in bubble stability in the 

sound field can be observed.  

 

The emission lines of OH- radicals, Na* in NaCl solutions is observed at high NaCl and 

dissolved noble gas concentrations and low driving pressures [65, 70]. Winiarczyk et al. 

[58] showed that in an aqueous solution of NaCl of appropriately high concentration the 

sonoluminescence is emitted from a single bubble moving along quasistable trajectories. 

This phenomenon was later appointed to the splitting of the luminescing bubble [69]. 
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Figure 1.11. SBSL intensity dependence on driving pressure for NaCl solution of various concentrations. 

Salt solutions were prepared and degassed under a vacuum for 2 h before the experiment. The water 

temperature during the experiment was 20 ± 2o C. After Nozaki et al. [69]. 

 

1.4.1.4 Additives and impurities 

Solvents (organic) are reported to decrease the intensity of the sonoluminescence [14, 

19]. The presence of surfactants has been shown to lead to a reduced maximum radius 

of the bubble prior to collapse, thereby decreasing the magnitude of the acoustic and 

light pulses emitted [45, 71, 72]. The addition of tiny amounts of alcohol to water 

degrades the light emission from stable SBSL [49, 73]. However, Cui et al. [73] claim 

that the effect is caused by the change in driving parametric region that destabilizes the 

bubble levitation rather than direct SBSL quenching. 

1.4.2 Generation of the bubble 

In most SBSL studies a bubble is seeded either by entrapment [13, 19, 45, 53, 74] or a 

NiCr wire [45, 48, 53, 54, 56, 75] technique. Entrapment method includes manual 

injection of air bubble with a help of pipette or syringe near the pressure antinode of the 

standing wave sound field in the SBSL cell. In the NiCr system a boiler wire is used to 

form a vapour cavity by locally boiling the liquid close to pressure antinode of the 

standing acoustic wave in the SBSL cell. Clearly both of these systems lack a degree of 
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controllability and indeed it can be argued that the initial content of the bubble is 

uncertain.  

A seeding procedure with higher degree of controllability was offered by Hayashi [76]. 

Direct-current electrolysis was employed to produce luminescing hydrogen and chlorine 

bubbles in the cell. Hydrogen bubble stability and light emission were found to be in the 

order of syringe seeded air bubbles, whereas chlorine bubble spatial and  time stability 

was much poorer and luminescence much lower. The method gives obvious advantage 

of knowing initial bubble content, but spatial positioning of the bubble in the sound 

field inside the cell could be improved. 

 

In this project the seeding of an SBSL will be achieved through the use of an improved 

electrochemical approach. However, in order to understand this approach a brief review 

of the technique employed will be given (more detailed explanation will be presented in 

Section 2). 

 

1.4.2.1 Electrochemical seeding of the SBSL event 

The electrochemical seeding process relies on generation of gas close to a pressure antinode. 

Electrodes were used to selectively inject gas bubbles (H2, O2, Cl2) generated by 

potential step technique into the liquid media. Under the influence of the acoustic field 

the injected bubble gets trapped at the pressure antinode and starts luminescing. This 

process is illustrated schematically in Figure 1.12. This approach has a number of 

advantages over the methods described in previous section. In particular these are:  

• localized gas injection,  

• possibility to produce bubbles with known initial content, 

• initial content of the bubble can by altered by varying the electrochemically 

generated gas, 

• microelectrodes provide an opportunity to carry out in situ investigation of the 

SBSL event. 
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Figure 1.12. Schematic of the electrochemical SBSL seeding procedure. 

  

1.4.2.1.1 Microelectrodes 

In the work presented here some of the working electrodes employed were 

microelectrodes. Microelectrode is usually defined as an electrode, which is smaller 

than the scale of the diffusion layer developed in readily achievable experiment and 

usually with at least one critical dimension of below 50 μm [77, 78]. Due to their small 

size, under mass transfer steady state conditions (no convection and the electrode held at 

a potential sufficient to oxidize/reduce all target material reaching its surface) a 

hemispherical diffusion pattern develops in front of the microelectrode [78, 79] (see 

Figure 1.13 for a schematic). 
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Figure 1.13. Schematic of diffusion field of the disc microelectrode. 

 

The steady state mass transfer limiting current (iMTL) recorded at the microelectrode 

under these conditions is given by Equation 1.5 [79].  

 
Equation 1.5 

beMTL aFDc4n=i  

 

where ne is number of electrons involved, a is the radius of the electrode, F is Faraday’s 

constant, D is diffusion coefficient and cb is the bulk concentration of electro-active 

species. 

 

In presence of forced convection (stirring of the solution, motion of the bubble) the 

mass transfer to the microelectrode surface is enhanced and so is the current recorded. 

Under these conditions mass transfer coefficient (km) can be calculated from Equation 

1.6 [79]. 

 
Equation 1.6 

bm1e ckFAn=i  

 

Disc microelectrode  

Electroactive species 
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where i is the current recorded at the electrode, A1 is the area of the electrode and all 

other variables are same as in Equation 1.5. 

 

There is a variety of microelectrode shapes: inlaid disc (wire), band (ring), spherical, 

hemispherical and disk [78, 79]. Cylindrical electrodes were employed in the 

experiments represented in this research. 

 

Microelectrodes are advantageous for the study of bubble dynamics due to several 

unique properties [13, 80]. In particular these are:  

• the size of the electrode is small compared to cavitation event. So an electrode can 

approach bubble surface without significantly disturbing the sound field. 

• improved faradaic to non-faradaic current ratio, which increases the signal to 

noise ratio. 

• enhanced rates of mass transport. 

• enhanced temporal and spatial response compared to larger electrodes. 

 

1.5 SBSL parameters 

Practically all information about the conditions inside the bubble is obtained indirectly. 

Bubbles dynamics are usually measured or modeled to be used to calculate temperatures 

and pressures inside the bubble. Spectral information of emitted light can be used to 

work out conditions inside luminescing bubble. 

 

A minimum radii for stably levitated bubble was reported to range from 0.1 (He) -0.4 

µm (Xe) [81] to 1-7 µm [46, 74] and a maximum radius of 50 to 100 µm [46, 74]. SL 

hydrogen bubble minimum radius was found to be less than 0.25 µm [81]. Bubble 

radius in sulphuric acid solution is bigger than in water [37]. 

1.5.1.1 Temperatures 

The temperatures experienced by the medium comprised within the imploding cavities 

during SBSL event in water and salt solutions are thought to exceed 5000 K 

respectively in the gas phase [13, 14].  Some authors claim that in the SBSL regime 

temperatures of more than 10000 K can be reached, which is sufficient for 
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bremsstrahlung light emission [34, 70, 74] or more than 20000 K blackbody effective 

temperatures, due to accurate fitting of the SL spectrum to blackbody spectrum [16, 39, 

82, 83]. Figure 1.14 shows comparison of SBSL spectra from water and NaCl solution 

fitted to blackbody formula. Theoretical calculations had been found to predict 

temperatures of up to 3.5x108 K inside the SBSL event [84]. However, the ionization 

would prevent the enhancement of the maximum temperature inside the bubble over 

20000 K. At higher temperatures, more electrons are ionized and more thermal energy 

is consumed [82]. 

 

 
Figure 1.14. Linearized spectra of SBSL in water (blue) and 0.5 M NaCl (black) with 70 mbar Ar fitted 

linearly (red). The temperature of the liquid was kept constant during measurements (14 °C). After 

Schneider et al. [70]. 

 

Regardless the difference of the SBSL brightness in H2O and H2SO4 solutions the 

temperatures inside the bubbles were found to be of the same order of magnitude (~10 

000-12000 K) [85] up to tens of thousands of degrees [61, 82]. Theoretical calculations 

predict possible temperatures inside the bubble in sulphuric acid to be in the range of 

32000-40000 K [86]. Their calculations showed that in contrast to SBSL in water for 
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SBSL in sulphuric acid temperature inside the bubble increases with an increase in the 

ambient temperature. This opposition was appointed to the difference in the instability 

criteria constraining the parameter space. For H2SO4 the phase parameters are restricted 

by positional instability due to high viscosity whereas in water shape stability is the 

main determining factor. Lower SL temperatures in sulphuric acid compared to water 

were registered by Huang et al. [37]. In their experiments the blackbody radiation 

temperature of the SL decreased with the increase of the solution concentration (see 

Figure 1.15). In H3PO4 solution regassed with noble gas temperatures were found to 

reach 6000-10000 K [63]. 

 

 
Figure 1.15. The blackbody radiation temperature and the intensity of SBSL as functions of sulphuric 

acid concentration. After Huang et al. [37]. 

 

It has been reported that temperature inside the SBSL event is dependent on the noble 

gas content of the solution [61] (see Figure 1.16). Depending on the gas concentration 

temperatures can range from 11000 K for Ar pressure of 70 mbars to 17000 for Ar 

pressure of ~1 mbar [70]. Lighter noble gases tend to produce SBSL events with lower 

internal temperatures [61, 63]. In the absence of noble gases stable emission spectrum 

from nitrogen seeded SBSL event was fitted to the black body radiation to produce 

~8500 K [54]. However, it is possible that in all reported cases the numbers only 
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illustrate the temperature of the outside shell of the SBSL event rather than inner opaque 

core [10, 61, 87, 88]. 

 

 
Figure 1.16. Emission temperatures of SBSL of 85% H2SO4(aq.) regassed with Ar/Ne mixtures (acoustic 

pressure 3 bar) are shown as a function of the thermal conductivity of the gas mixtures. Temperatures 

were calculated from Ar atom emission for all but the 100% Ne measurement, whose temperature was 

determined from SO emission. Error bars are determined from the errors in the transition probabilities, 

and from an estimated 5% experimental error in the measured temperature. After Flanningan et al. [61]. 

 

It was theoretically clarified that the maximum temperature of a hydrogen bubble in    

20 °C water under conditions of SBSL is always about 6000 K due to the effect of 

chemical reactions inside the bubble [89]. This was later confirmed experimentally by 

Vasques et al. [53] (see Figure 1.17). The maximum bubble temperature increases as 

argon is doped to a hydrogen bubble [89]. 

 

Sonoluminescence studies also estimated that cooling rate for cavitation event exceeded 

1010 K s-1 [14]. No cooling was observed after a speedy heating-up at the experimental 

time resolution in H2SO4 [90]. 
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Figure 1.17. Spectrum of a sonoluminescing bubble formed from a mixture of hydrogen and water at      

0 °C (A) and 20 °C (B). The solid lines are fits to Planck’s formula for 6644 K and 6200 K. The radius of 

the surface of emission is also fit to 0.25 mm at 20 °C and 0.2 mm at 0 °C. The uncertainty in TBB of    

200 K is dominated by scatter in the spectral data. The uncertainty in Re of 0.02 mm is dominated by 

imprecise determination of the solid angle subtended by the photodetector. The inset displays a linear 

scale. After Vasquez et al. [53]. 

 

1.5.1.2 Pressures 

The pressures experienced by the medium comprised within the imploding cavities 

during SBSL event in water were calculated to exceed 500 atm in the gas phase [13, 14] 

up to ~8000 atm [91] depending on the model and calculation technique used. For 

SBSL in H2SO4 pressures inside the bubble were determined to reach 1380 atm for dim 

events and up to 3650 atm for stronger driven events [10, 92]. For SBSL from hydrogen 

pressures inside the bubble at the time of collapse were calculated to reach 1x1010 Pa 

[89]. 

It should be noted though that all of the models and calculation methods had certain 

assumptions and limitations. 

 

1.5.1.3 Bubble contents 

The contents of the bubble are a complicated function of time. Even when starting out 

with a certain well defined bubble gas composition, processes such as diffusion, gas 

28 
 



Chapter 1 : Introduction 
 

rectification, water vapor condensation and evaporation lead to changes in bubble 

contents, both within a cycle and over many cycles [30]. 

 

During the compression cycle the temperature inside the bubble reaches the levels that 

allow any chemically active substances of air (N2 and O2) to be converted into soluble 

products and diffuse into liquid medium. Hence the luminescing bubble is thought to 

contain primarily argon, which is responsible for SBSL. This is known as “dissociation 

hypothesis” of Lohse [51, 52]. Lohse stated that at lower driving pressure amplitudes 

(1.0-1.1 atm), no chemical reactions occur and the non-luminescent bubble consists of 

its initial composition. The bubble appears to be unstable in this state. At higher 

pressures of 1.1-1.3 atm and temperatures of 4000-6000 K chemical activity sets on. A 

dynamical equilibrium between the removal of soluble products and bubble influx is 

reached and bubble is stable. At pressure amplitudes over 1.3 atm the soluble products 

are removed faster than molecular components of air can diffuse into the bubble till 

eventually only inert argon is left in the bubble. Bubble appears to be very stable at this 

stage. The expected products of chemical reactions inside the bubble include H·, OH·, 

HOO·, H2O2, O3, H2, H and O molecules in significant amounts and smaller amounts of 

NOx, NHx and HNOx [14, 16, 19, 34, 44, 51]. The chemical activity of SBSL is difficult 

to observe because of a tiny amount of gas contained inside a single bubble (<1013 mol) 

[16]. However, there are reports of radical yield measurements (these will be discussed 

in more detail later).  

It has to be noted that the water vapour is present inside the luminescing bubble [30, 33, 

44]. The vapour invades the bubble during expansion and is trapped inside the bubble at 

the collapse due to slow diffusion time compared to collapse rates. It is thought to limit 

the maximum temperature inside the bubble because of its lower polytrophic exponent 

compared to inert gases and endothermic chemical reaction (H2O→OH+H), which uses 

the energy inside the bubble [30, 33]. However, the exact amount of water vapour 

trapped inside a bubble at the end of the bubble collapse is still not known. 

 

In case of SBSL from hydrogen it was suggested that the light is emitted by the 

transition from the lowest stable triplet state of a hydrogen molecule to the repulsive 

state resulting from two normal atoms (H2*→2H+hv ) [89]. It was shown that the 

number of hydrogen molecules inside the bubble remains almost constant in spite of the 

high temperatures and pressures at the time of bubble collapse [89]. 
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In some experiments presence of the atomic (Ar*) and ionic (O2
+) emission lines in the 

SBSL spectra in H2SO4 solution lead to conclusion that plasma formation inside the 

luminescing bubble is very likely [61]. This plasma formation inside the bubble would 

be at least partially responsible for light emission [10, 93]. 

 

1.5.1.4 Radical emission 

The size of the luminescing bubble and experimental conditions make any quantitative 

measurements of the radical emission from the SBSL event very difficult. In some cases 

OH- radical emission was detected by analysing the SBSL emission spectra [63, 65, 70]. 

Various dosimetry techniques were used for radical emission detection [16, 94]. Young 

et al [85] had uncovered the existence of the molecular emission lines appointed to OH* 

radicals from very dim SBSL in water in the presence of noble gases. The intensity of 

the spectral peaks was found to be dependent on the molecular weight of the noble gas 

used and temperature of the liquid media. The suppression of OH* radical emission in 

bright bubbles was thought to get overwhelmed by the continuum emission. Didenko 

and Suslick [16] performed the terephtalate dosimeter for OH- and NO2
- radical 

registration with a help of fluorescence measurement. The energy efficiency of OH· 

formation was found to be comparable to that in MBSL and nitrite evolution correlated 

well with the diffusion rate of N2 into the bubble. Power [13] completed the first 

electrochemical measurement of the effects of SBSL. He had performed a Weissler 

reaction to capture the oxidative species (presumably OH·) that were formed during the 

SBSL event. The I-/I3
- redox system was chosen for its ability to measure both mass 

transfer of material and radical capture processes (depending on the electrode potential 

selected). The presence of the bubble was detected as a decrease in the steady state 

current for the reduction of I3
- as an electrode was manoeuvred towards the SBSL event. 

The results of this work are presented in Figure 1.18. The eSBSL cell and the needle 

electrode approaching a bubble (marked with an arrow) are presented in Figures 1.18(a) 

and 1.18(b). Figure 1.18(c) shows that by increasing the acoustic pressure drive 

amplitude, the mass transfer enhancement of bulk I- oxidation was increased due to the 

enlarged bubble oscillation amplitude driven by the increased pressure field as expected. 

A response of the needle microelectrode operating in ‘radical capture’ mode is shown in 

Figure 1.18(d). 
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Figure 1.18. Electrochemical radical detection undertaken by Power [13]. Frame (a) shows the 

illuminated cell while frame (b) shows a dark room image of the cell with a luminescent single bubble in 

the centre. The black arrow shows the position of the needle microelectrode in frame (a). The needle 

microelectrode can also be seen as a thin bar (due to scattered light) approaching the single bubble 

(highlighted by white arrow, frame (b)). In this case the bubble is luminescent (and is circled for clarity 

on the figure). Frame (c) shows a plot of the current recorded as a function of time in mass transfer mode 

(+0.9 V vs. Ag). Frame (d) shows a plot of the current recorded as a function of time using the 

electrochemical radical capture technique to detect I3
- (+0.2 V vs. Ag).  The shaded areas represent the 

times where the bubble was luminescent. 

 

In this case when the bubble was emitting light (grey areas), a cathodic current due to 

the electrochemical reduction of I3
- (Reaction 1.1) produced by oxidative reactions 

originating from the SBSL event was observed.  

 

I-
3+ 2e-→3I-                                                        Reaction (1.1) 

 

However, the results did not enable the calculation of the real radical yield due to 

inability to measure the radical capture efficiency and the distance between the bubble 

wall and the tip of the microelectrode with a system used. Koda et al [95] investigated 

nitrite and nitrate ion formation in water as a result of sonochemical activity from 

SBSL. Ion chromatography was used for ion detection. Stable SBSL lasted for 30 h. 

(a) (b) 
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Sonochemical efficiency of SBSL was found to be about 20-fold lower than that of 

MBSL. Iida et al [94] have completed a comparison of three OH radical dosimeters: 

Fricke dosimeter, terephthalate dosimeter, and iodide dosimeter for use with SBSL. The 

photometry based dosimeters (Fricke and iodide), were found to lack sensitivity. The 

fluorometry based dosimeter (terephthalate) was found to be the most suitable out of 

three for SBSL analysis. In this case about 1-minute irradiation was found to be 

necessary to exceed the detection limit for OH* radicals. Yue et al. [65] have 

determined the experimental conditions necessary for radical line observation in SBSL. 

They have discovered that OH* radical emission line strength increased with the 

increase of the noble gas concentration in the solution and with the decrease of the 

acoustic driving pressure. Spectral emission of SBSL was found to be similar to that of 

MBSL. Xu and Suslick [63] observed molecular emission from excited OH* radicals in 

H3PO4 that was stronger than in water, salt solutions and sulphuric acid. Intensity of 

radical emission peak was found to be dependent on applied acoustic pressure and 

thermal conductivity of the noble gases used. Schneider et al. [70] observed line 

emission from OH-*  radicals (water and NaCl solution). The shape of the OH- peaks 

from SBSL was found to be similar to that of MBSL. The observed decrease of the 

radical emission lines in sodium chloride solution at higher acoustic pressures (<1.2 

bars) was appointed to plasma formation. The emission line presence on SBSL 

spectrum in NaCl solution was noted to be present only at argon pressures of tens of 

mbars. 

Radical production was found to be strongly dependent on gas temperature and 

composition of the bubble [96]. Oxygen containing SBSL was found to be most 

effective for OH radical production at lower driving frequencies. 
 

1.5.2 Light emission 

The brightness of SL emission is mainly determined by the effects of four factors: the 

SL temperature, the duration of radiation, the volume of SL emission, and the number 

of particles inside the bubble [86]. 

1.5.2.1 Pulse width 

Sonoluminescence is readily observed by the unaided eye, but its low intensity makes 

any detailed study of event characteristics particularly difficult.  
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The light produced by an SBSL event in water contains between 104 to 107 photons per 

flash dependent on the experimental conditions [16, 39, 74].  

At the point of bubble minimum size and at appropriate acoustic pressure amplitudes, 

the bubble is thought to emit short (35-380 ps depending on the conditions) flashes of 

light with clock like repetitions [13, 16, 97, 98]. The phase of the emissions stays 

precisely fixed over a number of acoustic cycles. This is illustrated in Figure 1.19. 

 

 
Figure 1.19. Synchronous relationships between the acoustic field (top), the measured radius versus time 

curve (middle) and the SBSL emissions measured with a photomultiplier tube (bottom) from Crum .[37] 

The emissions occur at a fixed phase of the acoustic field. 

 

The initial experiments showed that the pulse width could be much shorter than 50 ps. 

That is the result Barber et al. [99] obtained by estimating the pulse width from the 

response of microchannel plate-photomultiplier tube (MCP-PMT) to the SL pulse in 

comparison to a 34 ps laser pulse. Moran et al.[74] indicated the pulse width of a single 

pulse with the streak camera experiments to be less than 12 ps. However, the most 

reliable results were provided by Gompf et al. [98]. They demonstrated that time-

correlated single-photon counting (TCSPC) is an ideal tool for characterizing the SL 

pulse width and shape in dependence of the many parameters influencing the SBSL 

brightness. The reported pulse width increased from about 60 ps at low gas 
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concentrations and low driving pressures to over 250 ps at high gas concentrations and 

high driving pressures. Please see Figure 1.20 for an example. 

 

 
Figure 1.20. SBSL emitted light pulse in water recorded using TCSPC technique. Subtraction of the 

reflections and deconvolution were applied. FWHM at 1.2 atm driving pressure and a gas concentration 

of 1.8 mg/l O2 at 22 °C was 138 ps (±10 ps). The pulse shape was slightly asymmetric. Copied from [98]. 

 

Hiller et al. [97] have later found that SBSL flash width ranges from 35 ps for a bubble 

formed at 20 torr solution of air in water to 380 ps for a 300 torr solution of 1 % xenon 

in oxygen cooled to 4 ˚C. SBSL flash width and emission times in water are 

independent of wavelength in case of noble gases and H2 bubbles [53, 97]. In contrast, 

for SBSL in non-volatile liquids light flashes were found to last much longer than in 

water. Xenon bubbles in H2SO4 the duration of bright emitted light flashes was ~10 ns 

[62]. For shake tubes containing H3PO4 with xenon emitted light flash width was in the 

range of tens to hundreds nanoseconds depending on the experimental conditions [60]. 

Approximately 1011-1012 photons were produced per light flash [60]. The SL in H2SO4 

has more photons than in water, but it has a lower proportion of short-wavelength 

photons [37]. Duration of the light pulse was correlated to the brightness of the SBSL 

event. It should be noted that bubble collapse was much slower than in water but more 

than thousand-fold greater light emission [61, 62]. The pulse width was found to 

increase with the increase in H2SO4 concentration [90]. 
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1.5.2.1.1 TCSPC  

Time-correlated single photon counting (TCSPC) is based on the detection of single 

photons of a periodic light signal, measurement of the detection time of the photons, and 

the build-up of the photon distribution versus the time in the signal period. As described 

by Gompf [98] “TCSPC is a sampling technique, and therefore an essential condition is 

that the pulse width is stable within the measuring time of several minutes. During 

acquisition the time-to-amplitude converter (TAC) is triggered with a first photon from 

the SL pulse itself and stopped with a second photon from the same pulse. Because of 

the same statistical distribution of the start and stop pulses corresponding to the SL 

pulse shape the autocorrelation of the pulse shape is measured. Because of the low 

intensity required in TCSPC experiments it is possible to discriminate different pulse 

forms in different regions of a broadband optical spectrum.” The pulse width is 

calculated by analysing the full width at half maximum [97]. It should be noted that 

Gaussian pulse shape is assumed in all cases.   

 

1.5.2.2 SBSL spectrum 

The typical SBSL spectrum in water and salt solutions is featureless and reveals little 

about physical and chemical conditions inside the luminescing bubble [48, 63]. It fits 

well to the blackbody spectrum. The experimental data has shown that SBSL spectrum 

extends from above 700 nm to below 190 nm (although increased material adsorption 

and decreasing detector sensitivity make accurate measurement very difficult in this 

region) with increasing intensity into UV [56, 74]. Figure 1.21 shows comparison of 

featureless SBSL spectrum to the typical MBSL spectrum taken from [67]. However, 

spectral lines can be observed on the SBSL spectra if a number of conditions is met. 

First, noble gas presence in the host liquid is essential for the emergence of spectral 

lines [61, 65, 83]. Second, the atomic lines are mostly observed in SBSL driven at low 

acoustic pressures [61, 65, 90, 100]. 
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Figure 1.21. Comparison of the background subtracted spectra of SBSL and MBSL in a 0.1 M NaCl 

solution. Each spectrum was normalized to its highest intensity. Note the prominence (in MBSL) and 

absence (in SBSL) of the sodium and OH* radical emission lines. Taken from [67]. 

 

The intensity of SL in water and salt solutions is strongly dependent on the noble gas 

content and the pressure at which the gas was dissolved into the liquid media [48, 70, 

100]. SBSL experiments with various gases have been reported. The noble gas (Ar, Xe, 

He, Kr) doping into the bubble is declared to increase the spectral density of the emitted 

light, which corresponds well to the “dissociation hypothesis” [48, 97, 101, 102]. For 

SBSL in the presence of noble gas at low driving pressures OH* radical emission lines 

in deionized water [65, 70, 100, 103] and Na atomic emission lines, Na-Ar emission 

lines, as well as OH* radical emission lines in sodium salts solution [65, 70, 100] were 

observed. The intensity of the Na lines was observed only at high NaCl concentrations 

[70]. Line emissions were found to be directly dependent on the concentration of the 

noble gas [65], molecular weight of the noble gas used [103] and liquid media 

temperature [103]. Please see Figure 1.22 for an example of SBSL emission spectra 

containing OH* radical emission lines (~310 nm) at a number of Ar concentrations 

(taken from [65]). 
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Figure 1.22. SBSL spectra from water at different Ar concentrations. Curves a, b, c, and d correspond to 

Ar concentrations of 50, 20, 10, and 5 torr, respectively. OH* radical emission peaks can be seen at ~310 

nm. Taken from [65]. 

However, it was noted that at high (no exact numbers were provided) noble gas 

concentrations SBSL is quenched. Bubbles formed from hydrogenic gases (hydrogen, 

deuterium and ethane bubble in water and heavy water) represented the first stable non-

noble gas systems, which produced stable SBSL [53]. For the bubble formed of H2 the 

light emission spectrum was well fit to a blackbody spectrum that was appointed to a 

blackbody radiation being a source of SL [53]. 

 

The intensity of the spectral lines on the SBSL spectrum in water and salt solutions 

increases with the decrease of the driving pressure of the acoustic field [65, 70]. No 

spectral lines are observed at higher driving pressures when the luminescing bubbles are 

bright [65, 103]. Hence it could be stated that low temperatures inside the bubble 

benefits spectral line emission [65]. Please see an example of SL intensity dependence 

on driving pressure in Figure 1.23 (taken from [65]). 
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Figure 1.23. SBSL spectra from the sodium chloride solution under different acoustic driving pressures. 

Curves a, b, and c correspond to amplitudes of the driving signals of 446, 440, and 432 mV, respectively. 

Taken from [65]. 

The intensity of the SBSL spectrum is several thousand-fold higher in H2SO4 compared 

to water and salt solutions [61, 100]. A comparison of SBSL spectra in water and 

sulphuric acid is presented in Figure 1.24 (a). A continuous spectrum with appropriate 

dissolved noble gas atomic lines can be observed in concentrated sulphuric acid [61, 65, 

90, 93, 100] (see Figure 1.24 (b)). The intensity of these lines increases with increase of 

the dissolved gas concentration and with the decrease of driving pressure. In continuum 

spectra, the central wavelength was found to move from infrared to ultraviolet 

gradually, which means the bubble was heating up [90]. The higher intensity of the SL 

in sulphuric acid was appointed to be mainly due to the lager ambient radius caused by 

the larger viscosity of H2SO4 [37]. Flannigan et al. [61] observed atomic (Ar) emission 

and extensive molecular (SO) and ionic (O2
+) progression in SBSL spectra from 

concentrated aqueous H2SO4 solutions. The observation of emission lines from ions 

(O2
+) was appointed to plasma formation inside the luminescing bubble. 
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Figure 1.24. SBSL spectra from degassed water partially regassed with Ar or Xe compared to 85 wt% 

H2SO4 is given in (a). The applied acoustic pressure was optimized to give the maximum spectral radiant 

power for each. Single-bubble sonoluminescence as a function of Pa for 85 wt% H2SO4 partially regassed 

with Ar is shown in (b). The emission lines in the near infrared arise from excited state to excited state 

transitions within the Ar. Taken from [61]. 

 

The intensity of the SBSL increases roughly 100-fold from He to Ne to Ar to Kr to Xe 

in phosphoric acid [63]. The spectrum of SBSL in H3PO4 is continuous as typically in 

water but with higher intensity [60, 63]. Chakravaty et al. [60] observed no spectral 

emission lines in the visible. However, spectral lines were observed in the infrared area 

of the spectrum in some experimental conditions. Xu et al. [63] observed strong 

molecular emission from excited OH* radicals at ~310 nm. However, no atomic 

emission from noble gases was found. 

 

The SBSL light emission has been interpreted as arising from a variety of possible 

processes. These will be discussed in the next section. 

1.5.2.3 Theories of light emission 

Various models for the origin of the light during the SBSL event have been proposed. It 

should be stressed that all of them are competing and have contra versions. The most 

debated and developed models can be divided into two major groups which are thermal 

and electrical. Thermal theories are based on extreme heating of the vapour-gas mixture 

inside the bubble during the collapse phase. Electrical theories propose that the process 

of light emission is initiated by electrical discharges of different types in the vapour-gas 

(a) (b) 
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mixture inside the bubble. An overview of the most popular and legitimate theories is 

presented in the following subsections. 

 

1.5.2.3.1 Thermal Mechanisms 

 

1.5.2.3.1.1 Hot spot model 

The theory employs that localized heating at the centre of the cavity is generated 

through adiabatic compression of gas and vapour during bubble collapse [104]. The heat 

cannot be dissipated because thermal transport is slower than the bubble collapse. 

 

1.5.2.3.1.1.1 Blackbody radiation 

This quasi-adiabatic compression model is based on the fact that the whole bubble is 

heated up, a blackbody is created at the centre of the bubble on collapse and the light is 

emitted as the thermal radiation. This conclusion was mostly derived from the fact that 

SBSL spectrum is remarkably well fit by Planck’s blackbody formula [39, 53, 83]. This 

theory is supported by the fact that light pulse width is increased with the increase of 

dissolved gas concentration and decreased acoustic pressure. In addition the 

independence of pulse width of the wavelength supports this theory. SL intensity and 

length in the UV area fit the theory predicted values well. However, emitted light pulse 

width would be expected to be longer in the red area of the spectrum compared to the 

UV area which was not a case [53]. This theory is contradicted by the differences in SL 

spectra of SBSL with various gases. Absence of cooling procedure after a speedy 

heating-up at the experimental time resolution is incompatible with the volume-related 

adiabatic heating model as a possible mechanism of SBSL [90]. 

1.5.2.3.1.1.2 Neutral and ion bremsstrahlung emission 

In 1999, Hilgenfeldt et al. [105, 106] and Yasui [89] reported that the light emission of 

SBSL originates in emissions from plasma on the basis of their numerical calculations 

assuming the spatial uniformity of temperature inside an SBSL bubble. The mechanism 

of the light emission in SBSL would be dominated by electron-atom bremsstrahlung 

with partial contribution from radioactive recombination from an ensemble of atoms, 

ions, and electrons. The inherent blackbody character of the thermal radiation is 
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changed because of the small opacity or absorptivity of the bubble. This theory was 

later complemented by An et al. [107]. Equal pulse lengths in red and UV areas of 

spectrum fit this theory prediction well. Experimentally observed plasma formation [61, 

93] supports this theory. However, it is contradicted by the fact that one would expect 

the temperatures to reach values of up to 106 K for bremsstrahlung radiation but 

experimental results have only showed much lower temperatures (see Section 1.5.1.1). 

If the continuum were due entirely to “hot spot” emission such as bremsstrahlung, one 

would expect the spectral weight to shift towards the UV due to higher bubble interior 

temperatures which has not been demonstrated experimentally [103].  

 

1.5.2.3.1.2 Opacity model  

This could generally be considered as an improved version of the “hot spot” model. The 

fact that opacity could play a role in sonoluminescence was first considered by Kamath 

[108]. He proposed that radicals produced in the centre of the bubble could be 

resonantly absorbed and scattered by the radicals generated in the adjustment outer 

layers, and thus the observed light would be shut off. Moss et al. [87] had presented a 

sonoluminescing bubble as containing thermally conducting, partially ionized plasma. 

The emitted light was appointed to be of a mix of blackbody radiation and 

bremsstrahlung nature. Their calculations showed that the short pulse width and lack of 

afterglow are due to electron conduction, adiabatic cooling behind the divergent shock, 

and the strong temperature dependence of the opacity of the bubble. This model was 

supported by Tse et al. [109] who emphasize that blackbody radiation and thermal 

bremsstrahlung are nothing but one single emission mechanism manifested upon the 

degree of optical thickness of the bubble. Flannigan et al. [61, 85] discussed the 

emission of light as bremsstrahlung emission and appointed low measured SBSL 

temperatures to opaque core of the bubble. This is the only model of SBSL light 

emission origin that explains wavelength independent emission spectrum. 

 

1.5.2.3.1.3 Shockwave model 

Jarman [110] was first to propose that sonoluminescence could possibly arise from the 

micro shockwaves propagating within the collapsing bubble. Wu et al. [43] and Moss et 

al. [87] used fundamental equations of fluids dynamics to numerically calculate the 
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motion of the bubble radius and the air trapped inside. As a result they predicted that a 

spherical shockwave is launched from the cavity wall which can reach supersonic 

speeds at the centre of the bubble where it converges. The temperatures inside the 

bubble are anticipated to reach values of up to 106 K. The gaseous nucleus at the centre 

of the bubble is ionised, resulting in a plasma formation. The light is thought to 

originate in electron-ion bremsstrahlung from plasma. This theory was contradicted by 

experimental measurements of SBSL pulse width which was found to be much longer 

than that predicted by the model. Another inconsistency arises from the fact that 

although the light flashes in non-volatile liquids can be several nanoseconds in duration, 

the bubble implosion is much slower than that in water but with several thousand-fold 

greater light emission [10]. In 1998 Yuan et al. [84] reported that according to their 

numerical calculations of fundamental equations of fluid dynamics including thermal 

conduction no shock wave is formed inside an SBSL bubble. Another contradiction of 

this theory is the fact that no segregation of the species due to shock wave inside the 

bubble was experimentally observed [59]. Dey et al. [111] have later showed by 

numerical calculations that due to high nonlinearities, shock wave focusing from the 

wall to the centre of the bubble is stopped when the fluids approach their Van de Waals 

volumes. At the same time they proposed another shockwave model. A supersonic 

impact was assumed to be generated by bubble collapse. Then, the pressure pulse 

(shockwave) that is generated propagates radially, initially at highly supersonic velocity 

in the fluid surrounding the bubble. It decays abruptly and slows down to the normal 

sound velocity within a few bubble radii. Light is mostly emitted by the fluid 

surrounding the collapsing bubble. This theory is supported by the fact that SBSL can 

be produced in various liquids but is contradicted by the evidence of plasma formation 

inside the bubble. 

1.5.2.3.1.4 Collision induced emission 

Frommhold and Atchley [112] assumed that SL emission might be induced by 

collisions of atom-atom and atom-molecule excited pairs. High temperatures at the time 

of bubble collapse lead to gas excitement and ionization. Light is emitted when excited 

species collide. Coherency of the emitted light supports this theory. However, the 

parameter values used for estimating the light emitted in this model (for example, the 

assumption that the life time of the radiation is 1 ps) do not agree with the more recent 

experimental values [111]. 
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1.5.2.3.2 Electrical Mechanisms 

1.5.2.3.2.1 Local electrisation theory  

According to this theory, pulsations of bubbles are accompanied by their growth with a 

loss of sphericity, the development of deformations, and splitting [113]. The electric 

double layer is conventionally divided into the near-surface, dense layer and the more 

distant, diffuse layer, in which adsorption forces can be neglected, and ions are free to 

move in the liquid. This theory is contradicted by the presence of lines in the SL 

spectrum from a deformed single bubble and possibility of SBSL in media other than 

water. 

 

1.5.2.3.2.2 Jet model 

This theory is based on the water spikes production inside the collapsing bubble. These 

jets are propelled inside the bubble at supersonic speeds and produce light on collision 

with the opposite wall [114]. An asymmetric collapse of the bubble is assumed in this 

model. However, it is now well confirmed experimentally that the best is the bubble 

spherical symmetry, which favours SL the most [111]. Lepoint et al. [115] proposed a 

model where a levitating bubble is governed by Rayleigh–Plesset dynamics during the 

expansion and the major part of its collapse. Needle like jets invade the bubble more or 

less symmetrically before the maximum bubble collapse. Each jet reaches a distance 

equal to half of the radius of the bubble and releases a droplet so that an intracavity 

spray is released about 3 ns before the time of collapse. Because of the serious distortion 

of the electrical double layer surrounding the bubble, both jets and droplets are 

electrically (but oppositely) charged. The electrical field is so high that electron 

emission occurs. The jets are ablated and microplasma expands resulting in the 

formation of a diverging shock wave (jet). An overpressure accompanies the 

microplasma formation and is believed to induce strong deceleration in the bubble wall. 

This model is contradicted by the fact that SBSL can be generated in liquids other than 

water. 

 

1.5.2.3.2.3 Quantum vacuum radiation 

Eberlein [116, 117] explained light emission in SBSL in terms of quantum radiation by 

moving interfaces between media of different polarization. It was considered to be a 
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result of a dynamic Casimir effect at the bubble wall motion into the vacuum. This 

theory is supported by the duration of the pulse length and by the absence of the photons 

in the UV range. However, it does not explain the number of emitted photon per flash,  

intensity of the SBSL emission spectrum and the effect of noble gas doping on SBSL 

[118]. 

 

It should be noted that many other exotic theories exist in the literature. These include 

formation of ice on the bubble wall [114], proton tunnelling [119], nuclear fusion [55, 

120] etc. However, it should be stressed that no theory was found to be completely 

satisfying all of the experimentally obtained characteristics of the SBSL phenomenon.  

 

1.5.2.3.3 Light emission from hydrogen bubble 

It was reported that temperature inside the SBSL from hydrogen is around 6000 K [53], 

which is much lower than that in water with noble gas (usually 10,000-20,000 K). It is 

believed, that at temperatures below 10,000 K no thermal ionization of gas/vapour or 

plasma emissions could be observed. Vasquez et al. [53] stated that if SBSL from 

hydrogen gas indeed originates on the surface of a blackbody, then its opacity masks the 

degree to which energy is focused by the collapsing bubble. Yasui [5] suggested that 

light intensity from hydrogen SBSL can still be explained by emission from plasma 

taking into account the effect of the reduction of the ionization potential due to 

extremely high density inside the SL bubble. 

 

1.6 Summary of the work presented 

The primary aim of the project presented in this thesis was to study characteristics and 

behaviour of the electrochemically generated SBSL. Initially procedures for stable 

electrochemically seeded SBSL generation needed to be established. Next SBSL 

parameters, specifically the light emission spectra, pulse width and bubble behaviour 

could be investigated. 

 

In the first part of this thesis an overview of the main SBSL characteristics and 

experimental parameters needed for successful generation of the event is presented. 
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Chapter 2 details the experimental techniques and procedures employed throughout the 

work presented in the following chapters. 

 

Chapter 3 covers the development of the experimental procedure for electrochemical 

generation of the stable SBSL event. An overview of the apparatus and techniques used 

is included. Results of the preliminary experiments (such as electrochemical detection 

of SBSL and gas injection into the event) on stable SBSL event are presented. Further 

analysis of the stable SBSL events produced following procedures described in this 

chapter is presented in subsequent chapters. 

 

Chapter 4 investigates behaviour of the luminescing bubble. Here high-speed imaging 

technique was used to give valuable insight into bubble dynamics both during the 

seeding procedure and throughout SBSL event. 

 

Chapter 5 gives details of the emitted pulse width measurement. Here TCSPC method 

was employed to analyse flashes of light produced be the SBSL event. 

 

Chapter 6 is dedicated to the mass-spectroscopic analysis of the solution contents. 

Applied degassing procedure effectiveness and influence of noble gas doping onto 

SBSL stability were investigated. 

 

Chapter 7 describes spectroscopic study of single bubble sonoluminescence. 

 

Chapter 8 summarises the results presented in chapters 3-7 and draws final conclusions. 

Possible areas of further work are discussed. 
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2 Chapter: Experimental 

 
 

This section outlines the experimental apparatus and the techniques employed to obtain 

the results presented in the next chapters. 

All experiments were performed in a Faraday Cage in order to minimize electrical noise. 

 

2.1 Single bubble sonoluminescence generation 

 

 Generation of ultrasound 2.1.1

Ultrasound and cavitation were generated by means of Thurlby Thandar TG 1010 

function generator, a Brüel & Kjær Type 2713 power amplifier and an ultrasonic 

transducer (the exact transducer employed is detailed in the appropriate cell description). 

The voltage amplified was monitored on a Tektronix TDS 220 digital oscilloscope. 

Details of the conditions employed are given in the appropriate figure legends. 

 

 Cell designs 2.1.2

Number of experimental cell setups was designed for the generation of SBSL in the 

work presented. Detailed explanations of those are given below. The reader is directed 

to each cell in subsequent chapters by the appropriate letter assignment. 

 

Cell A: 

This cell was previously described by Power [1]. The cell consisted of a glass round 

bottomed flask (dimensions are given in Figure 2.1) with a ground glass joint. A 

transducer, resonance frequency ~ 27 kHz (Morgan Matroc Electro Ceramics Ltd) was 

attached to the cell with slow set epoxy resin (RS Components). 
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Figure 2.1. Schematic of the cell setup A used for the generation of single bubble sonoluminescence. 

 

The cell was filled with solution just above the spherical region of the flask. Prior to 

SBSL experiments, the solution was degassed using the procedure described in Section 

2.1.3. 

 

Cell B: 

Schematic of the cell setup B is presented in Figure 2.2(a) and image of the cell is given 

in Figure 2.2(b). 

 

  

Figure 2.2. Schematic (a) and image (b) of the cell setup B used for the generation of single bubble 

sonoluminescence. 
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The cell consisted of a glass cylinder (dimensions are given in Figure 2.2) that was 

attached to a base with slow set epoxy resin (Struers Epofix). Perspex plates 

(8cm/8cm/6mm) were used as a base. The base was attached to a MPI-C-40 transducer 

with resonant frequency of 40 kHz with fast set epoxy resin (RS Components).  

Liquid height suitable for the experiment was found by measuring speed of sound in the 

solution used. Please see the description of this procedure in Section 2.1.7. 

Prior to SBSL experiments, the solution was degassed using the procedure described in 

Section 2.1.3. 

 

Cell C: 

Cell setup C was same as cell setup B with an exception of copper plates (Advent 

Research Materials, 10cm/10cm/1mm) used as the base and reference/counter electrode 

in experiments. Prior to SBSL experiments, the solution was degassed using the 

procedure described in Section 2.1.3. Electrochemical seeding, using the working 

electrode to produce the appropriate gas and counter/reference base plate to provide the 

concomitant process was then investigated. 

 

Cell D: 

Cell setup D was same as cell setup C with an exception of Ag plate (Advent Research 

Materials, 99.97% purity, 10cm/10cm/1mm) being used as the base. 

 

Cell E: 

This optimised cell setup E with some of its features is presented in Figure 2.3. The cell 

consisted of a 15 cm high, 58 mm outer diameter glass cylinder that was inserted into 

aluminium ring. Aluminium ring (58 mm inner diameter, 68 mm outer diameter, and 10 

mm height) was screwed to the base and had 3 o-rings (James Walker, NBR first and 

nitrile later) attached on the inner side. A silver plate (Advent Research Materials, 

99.97% purity, 1 mm thick) was used as a base of the cell and as the reference counter 

electrode for further experiments. The base was attached to a MPI-C-28 transducer with 

resonant frequency of 28 kHz with fast set epoxy resin (RS Components). A copper tube 

(3 mm diameter) was attached in loops to the outer side of aluminium ring with heat 

transferring epoxy composite (Robnor resins). A water bath (Grant) was used to control 

the temperature of the water run through the copper tube. Ice was added to the water 

bath to lower solution temperature to the appropriate values. Prior to all SBSL 
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experiments the Al ring was removed and the Ag surface polished to a mirror finish 

using 0.3 µm alumina powder. The surface was rinsed with water and placed into 

ultrasonic water bath for 10 minutes to remove any traces of polishing debris. 

 

 
 

  

Figure 2.3. Schematic (a) and image (b) of the cell setup E used for the generation of single bubble 

sonoluminescence. The image of the apparatus (including cell inside the Faraday cage, water bath, 

oscilloscope and liquid nitrogen trap) used during the experiment is given in (c). An image of the SBSL 

event (circled with white dotted line and illuminated with the help of laser) generated in cell setup E is 

presented in (d). 

 

The liquid height within the cylindrical cell was calculated with regards to the number of 

pressure antinodes needed in the experiment. 

In order to remove traces of noble gases from the solution nitrogen gas was sparged 

through the liquid for 15 minutes in the cell. The solution was then degassed under 

(a) 
 

5.8 cm diameter 
glass cylinder 

Base 

Transducer 

15cm 
Aluminium ring 

Working electrode 

Copper tubing 

(b) 

Vacuum line 

Working electrode 

Glass cell 

Al ring with copper 
 

CCD camera 

Transducer 

Ag base 

(c) 
Faraday cage 

Water bath 

Liquid nitrogen 
 

Cell E 

(d
 

56 
 



Chapter 2: Experimental 

 
vacuum the procedure described in Section 2.1.3. After degassing an OFN was passed 

over the solution surface in the cell for the duration of the experiment. The working 

electrode, held with a help of micropositioner, was placed in the solution above a 

pressure antinode. Electrochemical seeding, using the working electrode to produce the 

appropriate gas and counter/reference base plate to provide the concomitant process was 

then investigated. 

 

Cell F: 

An alternate cell setup F is presented in Figure 2.4.  

 

 

 

Figure 2.4. Schematic (a) and image (b) of the cell setup F used for the generation of single bubble 

sonoluminescence. Image of aluminium plungers used in cell setup F is presented in (c). 
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Figure 2.4(a) shows the schematic of the cell with an Al plunder. Figure 2.4(b) shows 

the corresponding image. The cell consisted of two major parts: cell setup E and the 

plunger. The plunger (see Figure 2.4(c)) in turn consisted of 2 parts, a 54 mm outer 

diameter with 1 cm diameter hole at the bottom (Figure 2.4(c) part I) and 38 mm outer 

diameter with 1 mm hole at the bottom (Figure 2.4 (c) part II). The smaller part inserts 

tightly into bigger one. Copper tube (3 mm diameter) was glued to the bigger part of the 

plunger in loops in order to help thermostat the cell. Water bath (Grant) with ice 

connected to the copper tube was used to help control the temperature of the solution by 

cooling the aluminium plunger. The cell was filled with solution right up to the rim of 

the plunger. In experiments part I (see Figure 2.4 (c)) of a plunger (with a bigger hole to 

help escape gas) was inserted into the cell prior to degassing and vacuum line was 

attached with a rubber cork. The vacuum line was then removed and part II (see Figure 

2.4 (c)) of the plunger was inserted (Figure 2.4(b)). The working microelectrode was 

then inserted into the cell through a small hole in the centre of the Al plunger. The base 

of the cell was used as reference/counter electrode as described previously. This 

apparatus was designed to produce a gas free liquid environment and controlled 

boundary conditions on all interfaces. 

 

Cell G: 

Cell setup G schematic (a) and image (b) are presented in Figure 2.5.  

  

Figure 2.5. Schematic (a) and image (b) of the cell setup G used for the generation of single bubble 

sonoluminescence. 
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The spherical cell consisted of 100 ml glass round bottom flask with B14 neck that was 

attached to a transducer (Morgan Matroc Ltd, 33 kHz resonance frequency) with epoxy 

resin (Araldite). Glass cell was attached to a transducer with rapid set epoxy resin 

(Araldite). A copper tube (4 mm diameter) was attached to a transducer with HTC (heat 

transfer compound, Rapid) to thermostate the cell.  Water bath (Grant) with ice 

connected to the copper tube was used to help control the temperature of the solution. 

The cell was filled with the solution just above the spherical region. For degassing a 

black rubber cork with a glass tube fitted through it was placed on the cell and connected 

to the vacuum line. After degassing the top of the cell was covered with Clingfilm for 

the whole length of the experiment. For SBSL generation a working electrode was held 

with a micropositioner while the reference/counter electrode (Ag wire) was positioned 

inside the solution just below the spherical region of the cell. 

 

Cell H: 

During many of the experiments with the cells described previously, some limitations 

were encountered. As a result optimised designs were produced. Optimised cell setup H 

schematic is given in Figure 2.6. This cell consisted of two separate parts. One part 

presented in Figure 2.6(a) consisted of a 100 ml glass round bottom flask with B14 neck 

that was glued to a transducer (Morgan Matroc Ltd, 33 kHz resonant frequency) with 

epoxy resin (Araldite). The second part “the insert” shown in Figure 2.6(b) included a 

glass reservoir, tap, B14 neck, SQ13 joint to hold the working electrode or a glass stud. 

Prior to experiment the glass flask was first filled with solution to the rim. In the next 

step part (b) with a glass stud was inserted tightly into part (a). The solution was added 

to the cell through Point C with the help of glass pipette to the point when glass 

reservoir was about half filled. For degassing a vacuum line was attached to the Point C. 

After degassing the glass stud was replaced with the working electrode and a reference 

electrode (wire) was threaded through the Point C into solution in the glass reservoir.  
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Figure 2.6. Schematic of the cell setup H used in SBSL generation experiments. Cell consisted of two 

major parts presented in (a) and (b). Point C in (b) was used for the vacuum line connection, reference 

electrode insertion and solution top up. 

 

Cell I: 

Figure 2.7 shows a sealed complete eSBSL cell setup I. This consisted of a 100 ml 

round bottomed flask with a long neck. The flask was glued to the driving transducer 

(Morgan Matroc Ltd, 33 kHz resonant frequency) with a fast-set epoxy resin (Araldite). 

An SQ13 joint at the end of the flask neck was used to hold a working electrode. A 

spherical glass (~ 50 ml) reservoir was attached to the neck of the round bottom flask 

with a help of a glass joint with a tap. Glass connector (Point C in Figure 2.7 (a)) on the 

reservoir was used for vacuum line attachment during degassing or for reference 

electrode holding during the experiments. The cell was filled with solution so the glass 

reservoir was about half filled.  
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Figure 2.7. Schematic (a) and image (b) of the cell setup I used for the generation of single bubble 

sonoluminescence. Point C in (a) was used for the vacuum line connection, reference electrode insertion 

and solution top up. 

 

Cell J: 

The eSBSL cell setup J presented in Figure 2.8 consisted of a 100 ml glass round 

bottom flask. The flask was attached to the driving transducer (Morgan Matroc Ltd, 33 

kHz resonance frequency) with the help of Epofix epoxy resin (Struers). Cell was filled 

with the solution just above the spherical region. Glass stopper with ground glass joint 

and a connector was placed on the cell during degassing procedure and removed 

afterwards. Working and reference electrodes were placed into the solution well above 

the pressure antinode where SBSL event existed. 
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Figure 2.8. Schematic (of the cell setup J used for the electrochemical generation of single bubble 

sonoluminescence. 
 

 Degassing procedure 2.1.3

Degassing of the experimental solution prior to the SBSL generation was performed 

using a number of different apparatus. 

Details of the exact apparatus used in experiments with different cell setups are shown is 

Table 2.1. 

For degassing an appropriate stopper, which was attached to a vacuum line, was placed 

on the cell and an ultrasound with a frequency of ~27 kHz was applied to the cell. 

Degassing was performed for a period of about 30-60 minutes prior to the experiments.  

Figure 2.9 shows a schematic illustration of the degassing apparatus used in SBSL 

generation experiments with cell setup J.  
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Table 2.1. Details of the apparatus used for degassing in SBSL experiments. 

Cell 

setup 

Vacuum 

pump 

Pressure 

gauge 

Moisture 

trap 
Sealing 

Typical 

pressure 

A Water - - Rubber 

cork 

- 

B Diaphragm 

(VP1HV, 

VWR 

 

FTI - Rubber 

cork 

- 

C Rotary 

(Speedivac 

2) 

Ebro VM 

1500 portable 

Vacumeter 

Desiccator 

+Liquid 

nitrogen 

 

Rubber 

cork 

1-5 mbar 

D Rotary 

(Speedivac 

2) 

Ebro VM 

1500 portable 

Vacumeter 

Desiccator 

+Liquid 

nitrogen 

 

Rubber 

cork 

1-5 mbar 

E Rotary 

(Speedivac 

2) 

Ebro VM 

1500 portable  

Vacumeter 

Desiccator 

+Liquid 

nitrogen 

 

Rubber 

cork 

1-5 mbar 

F Rotary 

(Speedivac 

2) 

Ebro VM 

1500 portable 

Vacumeter 

Desiccator 

+Liquid 

nitrogen 

 

Rubber 

cork 

1-5 mbar 

G Rotary 

(Speedivac 

2) 

Ebro VM 

1500 portable 

Vacumeter 

Desiccator 

+Liquid 

nitrogen 

 

Rubber 

cork 

1-5 mbar 

H Rotary 

(Speedivac 

2) 

Ebro VM 

1500 portable 

Vacumeter 

Desiccator 

+Liquid 

nitrogen 

 

Complete 

cell 

1-5 mbar 

I Rotary 

(Speedivac 

2) 

Ebro VM 

1500 portable 

Vacumeter 

Desiccator 

+Liquid 

nitrogen 

 

Complete 

cell 

1-5 mbar 

J Rotary 

(Speedivac 

2) 

Ebro VM 

1500 portable 

Vacumeter 

Desiccator 

+Liquid 

nitrogen 

 

Glass 

stopper 

1-5 mbar 
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Figure 2.9. Schematic of the apparatus used during the degassing procedure with cell setup J. 

 

Here a 3-way t-tap was introduced into the vacuum line for the purpose of filling the cell 

with OFN once the vacuum was released in order to avoid regassing of the solution with 

air. 

Figure 2.10 shows images taken during the degassing procedure in eSBSL cell. 

Cavitation was mostly observed near the electrode and close to the bottom of the cell. As 

can be seen in Figure 2.10 more cavitation events could be observed in the beginning of 

the degassing process when a lot of gas was present in the solution compared to the end 

of the procedure. 

  
Figure 2.10. Images of the Cell Setup I at the time of degassing. Image (a) was taken in the beginning and 

image (b) at the end of the process. Cavitation events are circled with white dotted lines. 
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 Seeding of the SBSL event 2.1.4

During the course of this project SBSL events were seeded by two methods listed below. 

 

2.1.4.1 Manual injection 

Degassed solution was irradiated at the appropriate frequency of around 27 kHz. An air 

bubble was seeded with a pipette into the centre of the cell. The voltage (and therefore 

the acoustic pressure) was varied until a stable SBSL event could be observed with the 

help of image intensified CCD camera. 

 

2.1.4.2 Electrochemical seeding (eSBSL) 

For electrochemical bubble generation a working electrode was positioned well away 

(~1-2 cm) from the expected pressure antinode where SBSL event would exist. The 

reference electrode was then placed as far as possible from the SBSL event position. Gas 

bubbles were generated at the apex of the working electrode by a potential step 

technique. During the bubble formation the solution was exposed to acoustic excitation. 

Detailed information on potentials and acoustic signal is given in the appropriate figure 

legends. The voltage (and therefore acoustic pressure) was varied until a stable SBSL 

event could be observed with the help of image intensified CCD camera. 

 

2.1.4.2.1 Electrodes 

A number of electrodes (in-house constructed or commercially available) was used in 

the eSBSL experiments. 

 

2.1.4.2.1.1 Needle electrodes (NE) 

Platinum microelectrodes were constructed using an 80 mm MicroFil syringe needle 

with 530 µm internal diameter (WPI) and 50 μm diameter Polyester insulated (0.0125 

mm coating thickness, 99.99% purity, GoodFellow) or 250 μm diameter (99.95% purity, 

Advent Research Materials) platinum wire. A schematic illustration of such an electrode 

is presented in Figure 2.11. 
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Figure 2.11. Schematic illustration of the needle electrode used in the eSBSL experiments. 

 

A 7 cm piece of platinum wire was threaded through the Microfil needle. A disposable 

2.5 cm3 syringe was attached to the needle with fast set epoxy resin (RS Components), 

leaving a 1 cm piece of platinum wire on the side. Epoxy resin (Struers) was pumped 

into the structure until the epoxy resin could be viewed escaping from the bottom of the 

needle. The electrode was left to dry overnight upside-down to reduce the number of air 

pockets inside the needle. An electrical contact was made to the exposed platinum wire 

(note soaked in conc. H2SO4 for 30 min to remove Polyester coating) using solder and 

multicore wire. The Microfil needle tip (ca 1 cm) was then cut and the electrode was 

polished to a mirror like finish using alumina powder slurries (Struers, 0.3 μm and 1 μm 

diameter Al2O3) on microcloth polishing pads (Buehler). The electrodes were tested by 

recording a cyclic voltammogram (CV). 

 

An example of cyclic voltammetry of a needle electrode in a solution of 3 mM KI in 97 

mM Na2SO4 is presented in Figure 2.12. During the cyclic voltammetry experiments the 

potential was swept positively (anodic sweep) from 0 V vs. Cu (note Cu base of the cell 
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was used as a reference/counter electrode) to +0.8 V vs. Cu at sweep rates of 5 mV s-1, 

10 mV s-1 and 50 mV s-1.  An initial delay time of 20 s was always employed.  

(a)

E/V
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

i/n
A

-10

0

10

20

30

40

50

60

IL

SP

 
E/V

-0.2 0.0 0.2 0.4 0.6 0.8 1.0

i/n
A

-10

0

10

20

30

40

50

60

IL

SP

(b)

 

Figure 2.12. Cyclic voltammogramms of 50 µm diameter platinum electrodes (NE) in a solution of  3 mM 

KI in 97 mM Na2SO4 . The potential was swept at 50 mV s-1 (a) and 10 mV s-1 (b). An initial delay of 20 s 

was applied in both cases. IL represents the mass transfer limited current. Potentials reported vs. Cu quasi 

reference electrode. 

 

SP peak in Figure 2.12 could be caused be either non-hemispherical diffusion pattern on 

the electrode or by the stripping of deposited I2 from the electrode. 

A clear sigmoidal response for the oxidation of iodide (Reaction 2.1) at the 

microelectrode can be seen in Figure 2.12. 
 

 e +  I ½ I -
2

- =                                         Reaction (2.1) 

 

A stripping peak (SP) when the electrode was returned to 0 V vs. Cu is associated with I2 

deposition on the electrode. The mass transfer limiting current obtained on a 

microelectrode was independent of sweep rate over the range investigated. The steady 

state current was found to be ~39 nA (Figure 2.12 (a)). This is in good agreement with 

the theoretically calculated one (using Equation 1.5) of ~36 nA (DI
-=1.6x10-5 cm2s-1). 

With some of the electrodes the mass transfer limited current was found to be higher 

than theoretical and in the order of ~55 nA (Figure 2.12 (b)). The difference in these 

values could be explained by the means of real electrode geometry instead of the ideal 

electrode. The higher active species diffusion to the electrode could have been 

determined by the fact that the metal wire was not positioned at the centre of the needle 

but close to the wall (see Figure 2.13).  
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Figure 2.13. 50 µm diameter needle electrode (NE) geometry. Platinum wire is positioned close to the 

wall that leads to a higher active species delivery to the electrode. 

The mass transfer limiting current on these microelectrodes was found to be independent 

of sweep rate over the range investigated. The difference in steady state currents on two 

electrodes with identical configurations was found to be in the range of 4 nA. 

The electrodes were polished to a mirror like finish using alumina powder slurries 

(Struers, 0.3 μm and 1 μm diameter Al2O3) on microcloth polishing pads (Buehler) prior 

to each experiment. 

 

2.1.4.2.1.2 Microelectrodes (ME) 

Other platinum microelectrodes were constructed using a glass Pasteur pipette and 

platinum wire. A schematic illustration of such an electrode is presented in Figure 2.14. 

First about 2 cm of 50 μm diameter platinum wire (99.99 % purity, Advent Research 

Materials) was connected to multicore cable (~2 mm diameter) with solder. The 

connection was then insulated with the help of electrical tape. The microwires were 

placed inside the pipette so the platinum wire was at the tip of the pipette. Following this 

the pipette was filled with epoxy casting resin (Struers, Epofix). After the resin had set 

the electrode was polished to a mirror like finish using alumina powder slurries (Struers, 

0.3 μm and 1 μm diameter Al2O3) on microcloth polishing pads (Buehler). The electrode 

was tested by recording a cyclic voltammogram (CV). The shape and magnitude of the 

current-voltage curve was used in each case to check for successful electrode 

construction. 
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Figure 2.14. Schematic illustration of the needle electrode used in the eSBSL experiments. 

 

2.1.4.2.1.3 Macro electrodes (McE) 

Polycrystalline platinum electrode was fabricated in-house by sealing 0.5 mm or 0.25 

mm platinum wire in glass. The electrode support tip diameter was 2.5 mm. The 

electrode was polished to a mirror like finish using alumina powder slurries (Struers, 0.3 

μm and 1 μm diameter Al2O3) on microcloth polishing pads (Buehler). 

 

 Chemicals and solutions 2.1.5

All solutions were prepared using water that was initially purified by USF Elga Elect 5 

purification system. Water purified in this manner had conductivity below 0.1 µS cm-1. 

Elga purification system was later (cell setup E onwards) substituted for Select Fusion 

160 system (Ondeo Purite) (18.2 Mohm cm resistivity).  

Purified distilled water was filtered using a vacuum filtration apparatus and sterile 

Millipore filters (pore size 0.22 μm). Filtered water was used to wash all the glassware 

used during the experiments and to prepare solutions (concentrations are given in the 

appropriate sections).  

KI (Timstar Laboratory Suppliers, AR), Na2SO4 (Fisher Scientific, LRG), K3Fe(CN)6 

(Sigma, 99.5%), 0.1 M Sr(NO3)2 (Aldrich, 99+%), NaNO3 (BDH Chemicals, AnalaR, 

   

Multicore wire 

Glass Pasteur pipette filled with Epofix resin 

Insulating tape 

Platinum wire 
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99.5%) and NaCl (BDH Chemicals, AnalaR, 99.5%) were all used as received. In order 

to generate SBSL all the solutions used were first filtered (using same apparatus as for 

water filtration) and then degassed (as described in Section 2.1.3). In an effort to remove 

trace Ar (a gas known to enhance SBSL intensity) oxygen free nitrogen gas was sparged 

through the solution for 15 minutes prior to degassing in all the SBSL generation 

experiments after cell setup E  was introduced. The solution was then kept under a layer 

of OFN for the duration of the experiment. Alternatively an aluminium plunger was 

inserted into the cell (see Section 2.1.2). 

 

 SBSL generation overview 2.1.6

Summary of the preferable apparatus and conditions for SBSL generation is given in 

Table 2.2.  
Table 2.2. Summary of the advantageous apparatus and conditions for SBSL generation experiments. 

Conditions Comments 

Cell Ideally all glass. Erosion prone and chemically/physically 

active materials should be avoided. 

The simpler the better. Hence, no joints, taps or other 

possible leakage points. 

Sealed as much as possible to avoid regassing and 

contamination. 

Electrode Ideally glass with sealed in metal wire. 

Should be checked for damage regularly. 

Positioned as far as possible from the SBSL event. 

Degassing 

procedure 

Glass stopper is preferable. 

Constant pressure monitoring is essential. 

Avoid backflow of matter into the cell after degassing.  

Lab conditions Constant low temperature. 

Cleanliness is essential. 

Solution Purity of all chemicals used is paramount. 

Avoid contamination as much as possible. 
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 Speed of sound measurements 2.1.7

Speed of sound measurements were performed employing a degassed KI/ Na2SO4 

solution. Here GRAS 10 CF hydrophone and cell setup B were used. The hydrophone 

was positioned in the centre of the cell and moved with a vertical positioner. A 10 Hz 

square wave pulse was sent from function generator (Thurlby Thandar TG 1010) to 

transducer (Figure 2.15 (a)). The rising part of this wave was used to trigger the 

oscilloscope (Tektronix TDS 220). The acoustic signal that was propagated through the 

liquid media was detected by the hydrophone and recorded by the oscilloscope (see 

Figure 2.15 (b)). A propagation delay time of the acoustic signal ( Peak 1, Figure 2.15 

(c)) at the hydrophone as a function of distance, that hydrophone was moved in z 

direction, was measured. The repetitive nature of the input allowed for signal averaging 

on the oscilloscope to be used. This improved the signal to noise ratio. In all cases the 

signal was averaged over 16 responses. A comparison between the single and averaged 

responses is presented in Figure 2.15 (c). 

 

2.2 Low light imaging 

The level of light emitted by SBSL event is significantly lower than the level of ambient 

light found in a laboratory. Hence in order to get accurate and reproducible results all 

low light imaging experiments were conducted in black out conditions (e.g. Faraday 

cage covered with black piece of fabric). Different apparatus was used for capturing low 

light images of luminescing bubbles during the course of the project presented. A CCD 

camera (Meade Deep Sky Imager Pro) with Auto Star Suite software was used during 

the SBSL experiments with cell setups A-B. SBSL images were recorded by means of a 

JAI CV-A50 CCD camera with Photek MCP325 intensifier during experiments with cell 

setup C. This system allowed higher level of low light amplification compared to the 

Meade camera system. However, the field of view of this system was too large to be of 

further use. Hence a Photonic Science Darkstar image intensified CCD camera with 

Hauppauge WinTv USB capture device and WinTv software was used during all other 

SBSL experiments.  

71 
 



Chapter 2: Experimental 

 

t/s
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

V F
G

/V

-15

-10

-5

0

5

10

15(a)

 

Col 3 vs Col 4 

t/s
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

V H
/V

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08
(b)

 

(c)

Time/microseconds
-10 0 10 20 30 40 50

V H
/V

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

 

Figure 2.15. A function generation pulse (in a form of a square wave of 10 Hz frequency) sent to the 

transducer is presented in (a). Hydrophone response is presented in (b). Plot (c) represents the comparison 

of single (—) and averaged (— —) hydrophone responses. The number of averages was 16. The arrow 

indicates Peak 1. The single response is offset by +0.2 V for clarity. 
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The arrangement of this system is presented in Figure 2.16.  

 

 

 
Figure 2.16. Schematic of the image intensifier camera system used for SBSL images recording. Camera 

was positioned outside (a) and inside (b) the Faraday cage. 

 

The image intensified CCD camera was initially positioned outside the Faraday cage as 

shown in Figures 2.3 (c) and 2.16 (a). However, in this set-up significant amount of 

background noise was observed. In order to solve this problem a bigger Faraday cage 

was introduced and camera was moved to the inside of the cage. This camera set-up was 

found to produce the best real time low light level images out of all systems used. 

Averaging and stacking of multiple frames using Tambaware Software Image Stacker V 

1.03 software was used to reduce noise in some images (details will be given in 

appropriate figure legends). 

 

2.3 Double SBSL experiment 

Liquid height was calculated using Equation 1.3. Number of desired pressure antinodes 

q was taken to be equal to 2, transducer resonant frequency and measured speed of 

sound (as described in Section 2.1.7) were used in these calculations. A schematic of the 

pressure field and experimental protocol for multiple SBSL event generation is shown in 

Figure 2.17. eSBSL seeding with hydrogen gas procedure in cell setup E was 

undertaken (see appropriate figure legends for details) and a stable single luminescing 
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bubble was obtained. The electrode was then moved approximately 4 cm in vertical 

direction (up) with the help of micropositioner. The electrochemical bubble generation 

procedure was repeated. Note the applied pressure was altered before a second stable 

luminescing bubble trapped at another pressure antinode was observed. 

 

 
Figure 2.17. Schematic of the experimental rig and pressure field distribution during the double eSBSL 

seeding experiment. 

 

2.4 Noble gas doping 

Noble gas presence in the experimental solution during the SBSL generation can boost 

the light output from the event [2, 3]. In some experiments the influence of Ar on 

bubbles seeded with hydrogen gas was investigated. Argon was bubbled through the 

solution for approximately 15 minutes prior to the experiment. The solution was then 

degassed for ~10 minutes and an eSBSL experiment was performed as described in an 

appropriate figure legend. Cell setup E was used. 
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2.5 SBSL driving pressure measurements 

In these experiments SBSL events were generated electrochemically following a 

standard procedure in cell setup G. Conditions (ultrasonic frequency and acoustic 

pressure amplitude) for stable SBSL were registered. Experiments were performed in 2 

ways:  

1. Frequency was held constant, acoustic pressure amplitude was varied 

2. Acoustic pressure amplitude was constant, frequency varied. 

 

SBSL experiment was then stopped by turning the ultrasound off. Hydrophone (TC 

4038-1, Reson) was positioned at the place in the cell where stable luminescing bubble 

existed. The positioning of the hydrophone was determined with the help of CCD 

camera system in 2 dimensions and visually at the centre of the cell in the 3rd dimension. 

Acoustic pressure conditions in the SBSL cell were then repeated. The data was 

collected from Tektronix TDS 220 digital oscilloscope to which the hydrophone was 

attached. These experiments enabled the measurement of the true conditions within the 

eSBSL cell to be obtained. 

 

2.6 Analysis of the impurities 

In order to avoid particulate contamination which was found to be an issue in some 

experiments a closed loop filtering system was employed. This consisted of a peristaltic 

pump and an appropriate flow system +filter (1 µm glass fibre, Life Sciences).  

Particle count analysis was done by right angle light scattering using N4 Coulter particle 

sizer. SEM images were obtained using Philips XL 30 ESEM. EDX experiments were 

performed using EDAX Phoenix x-ray detector with an EDAX EDAM II electronic 

control unit. Alternatively polarizing optical microscope (BH-2, Olympus) was used to 

obtain magnified images of particles. 

 

2.7 Preliminary experiments on stable eSBSL event 

Once the stable electrochemically generated SBSL was obtained further experiments 

were run in order to characterise these luminescing bubbles and their behaviour. 
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 Gas injection into stable SBSL event 2.7.1

Initially a stable SBSL event was seeded with electrochemically generated hydrogen gas 

following the usual procedure (more detailed information is given in the appropriate 

figure legend). Electrochemistry was stopped once a stable SBSL event was generated. 

After the bubble had been luminescing steadily for approximately 1 minute 

electrochemical generation of gas on the electrode was repeated in 1 minute on/off 

cycles. Photographs of the SBSL event were recorded with an appropriate CCD camera 

system (see Chapter 2.2 for details). 

 SBSL electrochemical detection 2.7.2

Experimental rig employed in experiments of SBSL electrochemical detection is 

presented in Figure 2.18.  

 
Figure 2.18. Schematic of the apparatus used for the electrochemical detection of the SBSL event. 

In these experiments SBSL events were seeded in degased solution (please refer to 

appropriate figure legends for details). After the successful seeding of the bubble the 

potential was stepped into the mass transfer limited region of an appropriate redox probe 

and the electrode was moved closer to the SBSL event with the help of computer 

controlled XYZ micrometer positioner (ZABER, 0.02 mm resolution). The electrode 

was manoeuvred in small steps as close as possible to the bubble trying not to remove 

the event. The positioning distance was determined with the help of CCD camera 
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system. However, it should be noted that exact distance between the bubble and the 

electrode could not be determined at the time of the experiment with the apparatus used. 

The steady state current was registered as a function of time. At the end of the 

measurement sound was turned off to ensure SBSL absence.  

2.8 High-speed imaging 

High Speed Imaging was used to further understand the processes of SBSL seeding and 

oscillations. A schematic of the experimental rig used in the high-speed imaging 

experiments is presented in Figure 2.19. High-speed video footage was recorded using a 

Photron APX-RS camera and a Navitron 12x c-mount lens connected to a PC by means 

of a firewire (IEEE 1394) cable. Recording speeds of up to 250,000 frames per second 

(fps) depending on the resolution are available with the camera used. The choice of 

frame rate in the experiments was determined by the resolution needed and light 

availability. The camera was positioned on an XY stage enabling controlled positioning 

and focusing. Illumination was provided by a light source (50 W GU 10 lamp) with a 

glass reservoir filled with water in front of it for cooling purposes or a cold light source 

(Shott KL 1500 lamp). The light source was positioned such that the image reaching 

camera was a silhouette. Video recording and SBSL event seeding were started 

simultaneously. Images were analysed using Photron Motion Tools Software. 

 

In these experiments electrochemical bubble generation at the working electrode was 

investigated, under conditions where successful SBSL events could be generated. A 

number of current densities were employed. These conditions were repeated and the 

high-speed camera was used to photograph bubble production at the tip of the electrode 

in the absence/presence of the sound field. 
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Figure 2.19. Schematic of the experimental rig for high speed video footage recording. 

 

Bubble lifetimes were investigated using similar procedure. However, a bubble of gas 

was first generated on the electrode in the absence of an acoustic excitation. Second, 

dissolution in the presence of the sound field was also investigated. 

 

2.9  TCSPC 

To make quantitative photon counting measurements, a Hamamatsu H5783 PMT 

module with an active detector diameter of 8 mm was found to be more appropriate than 

SensL HRM-TDS module. Hamamatsu photosensor was positioned about 40 mm from 

the wall of the eSBSL cell at the same horizontal level as the SBSL event. The PMT 

output, measured across a 30 kΩ resistor was amplified using a Precision ac amplifier 

9452 (Gain = 60 dB) and recorded on a digital oscilloscope (Tektronix TDS 220). In 

some experiments the signal was averaged to improve the signal to noise ratio (see 

appropriate figure legends for details). See Figure 2.20 for schematic of the 

experimental rig.  
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Figure 2.20. Schematic diagram of the experimental set-up used for quantitative photon counting 

experiment. The active diameter of the light sensitive sensor is marked as d. 
 

Schematic of two experimental set-ups used for TCSPC experiments is presented in 

Figure 2.21. The main difference between these two systems was the absence/presence 

of the amplifiers (*) between PMTs and the B&H card. The setup included two PMT 

modules (Hamamatsu H5783, 8 mm active detector diameter). These photosensors were 

positioned about 40 mm from the wall of the eSBSL cell at the same horizontal level as 

the SBSL event. A filter ring with variable filters was positioned in front of one of the 

PMT modules. Both PMT sensors were connected to the TCSPC module 

(Becker&Hickl, SPC-140) for data analysis. Later amplifiers (Becker & Hickl 

Amplifier, HFAC-26) were added into the system to improve PMT modules 

performance.  

 

SBSL generation was run as usual (details are given in appropriate figure legends). 

SigmaPlot 11.0 software was used for data processing. In some experiments the signal 

was averaged to improve the signal to noise ratio (see figure legends for details). 
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Figure 2.21. Schematic of the experimental rig used in TCSPC experiments. Optionally amplifiers were 

added in later experiments (connected with dotted lines). 

 

In the experiments where the influence of frequency and applied driving pressure on the 

FWHM was investigated the frequency/applied potential was altered as indicated in the 

appropriate figure legend. The solution was exposed to ultrasound from the beginning of 

bubble generation.  

 

2.10  Spectral emission measurements 

eSBSL generation was performed following a normal procedure (please refer to 

appropriate figure legends for details). However, a quartz cell rather than a glass one 

was employed in all cell setups to enable UV measurements to be obtained. The 

experimental setup used in these experiments (Chapter 7) is shown in Figure 2.22. A 

CCD spectrograph (Princeton Instruments Inc., 320 PI) with WinSpec32 software was 

used with an optical fibre collector and adaptor (Princeton Instruments, OFA X1.0). 

Two sets of Image intensifier systems were used in experiments: 

1. PI-MAX System (Princeton Instruments Inc.). The setup consisted of standard PI-

MAX camera with F-mount adaptor and ST-133 controller with PTG. 

2.  “Kinetic” system (Princeton Instruments Inc.). The setup included Image 

intensified detector (ICCD) and ST-138 Controller. 

Two 50 mm quartz lenses (F=10 cm) were used to focus the collected SL light onto the 

fibre optic aperture. 

  

PMT  

 

Filter ring 

 

Amplifier * 

 

  
   

  
    

  

  

  

  

SBSL event 

    

PMT  

  

  

Amplifier * 

TCSPC module 

80 
 



Chapter 2: Experimental 

 
 

 

  
Figure 2.22. A schematic (a) and an image (b) of the experimental setup employed in the SBSL 

luminescence measurement experiments. A picture of cell at the time of focusing on a luminescing bubble 

(circled with white dotted line) with a laser through fibre optic collector in presented in (c). 

 

After a SBSL event was generated the position of the fibre optic collector was adjusted 

to align the bubble position directly in front of fibre slot. This was achieved by 

connecting the end of the fibre to the laser (635 nm, 1 mW), which produced a clearly 

visible red light cone into the cell. The position of the fibre was manipulated until the 

bubble was at the tip of the light cone. After positioning the end of the fibre was 

connected back to the spectrometer and simultaneous spectral and low light imaging 

measurements were taken. A wavelength resolution of 10 nm was used for the studies of 

SBSL in a range extending from 200 to 700 nm. The signal was averaged over 200 and 

500 s (appropriate number is given in figure legends) in PI-MAX system experiments 

(a) 

 

Faraday box wall 

Spectrometer 

Fibre optic collector 

Quartz lens 

SBSL event 

Working electrode 

 

Reference 
electrode 

 

 

Intensifier Controller 

PC 

 

Fibre optic 
cable with an 
adaptor 

(b) (c) 

81 
 



Chapter 2: Experimental 

 
and over 20 s in experiments with “kinetic” system. The response of the spectrometer 

with the fibre was wavelength calibrated over the entire range against Hg lamp (Oriel 

6035) and intensity calibrated against NIST-traceable standard lamp (Bentham 

Instruments Ltd CL6-11) with Bentham 605 power supply following the exact 

instructions given by equipment provider (RAL). It should be noted that because 

absolute calibration is hard to attain (as stated in private conversation by Richard 

Brownsword from RAL due to efficiency of light collection, light transmission, light 

delivery into the spectrometer, grating efficiency, CCD efficiency) the spectrometer 

response is given as a flux of photons per unit area per unit time (θ), thus useful 

information is contained only in the shape of SL final spectra and in their relative 

spectral intensities. 
 

2.11  Mass-spectrometry  

Figure 2.23 represents the experimental setup used in these experiments (Chapter 6). 

The system consisted of Residual gas analyser (SRS, RGA100) run by a turbo pump 

(Pfeiffer Balzers, TCP121 controller and pump) and oil pump (Edwards two stage high 

vacuum oil pump (E2M2)), pressure sensor (InstruTech , IGM401 Hornet Hot Cathode)  

and hydrophobic membrane (GE Osmonics, Nylon 66, 0.1 µm pore size).   
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Figure 2.23. Schematic of the experimental rig used in mass-spectrometry experiments. 

 

Membrane (see Figure 1.24) was cut to 40 mm diameter disk and glued with fast set 

epoxy resin (RS Components) to copper gasket. The latter was 40 mm diameter disk of 

125 µm thickness copper sheet (AdventRM) with a 3.175 µm hole cut in the middle. 

Membrane with the gasket was held with the help of a flange. All the parts were 

connected via bespoke stainless steel manifold with a number of valves. Both the RGA 

and the pressure gauge were interfaced to the PC through a RS232 cable (RGA) and 

ADC respectively. Peristaltic pump was connected to the cell and manifold via Teflon 

tubing glued with the fast set epoxy resin (RS Components) to ensure uniform gas 

circulation. 

SEM (Philips XL30 ESEM) was done on the membranes to check for homogeneous 

pore distribution and size. Results are presented in Figure 1.24. It can be seen that there 

are pores of various sizes (up to 50 µm) that are positioned relatively uniformly on the 

surface of the membrane.  
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Figure 2.24. SEM images of the hydrophobic membrane used in mass-spectrometric experiments. 
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Pressure of the system was registered with the help of the pressure gauge and the RGA 

software (SRS). The pressure meter measurements are more accurate as program data 

gets transferred through the card.  

eSBSL generation was performed following a normal procedure (please refer to 

appropriate figure legends for details). 
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3 Chapter: eSBSL experiment development and 
preliminary SBSL event characterisation 

 

 

3.1 Development of cells and experimental protocol 

One of the main goals of this project was to find the equipment and conditions suitable 

for a stable and reproducible SBSL event generation. This was required in order to 

enable further investigations of the SBSL phenomenon e.g. spectroscopic measurements 

and high-speed imaging. SBSL is very sensitive even to the minor changes in the 

experimental conditions [1-5]. Numerous experimental parameters were varied over the 

time of this project in order to overcome the encountered problems and to generate a 

stable luminescing bubble. The detailed information of these adaptations and 

experimental setups employed are given below. The design of the experimental cell was 

found to be one of the major factors influencing SBSL seeding and reproducibility. 

Several different setups were tried out in the search for appropriate one. In addition the 

seeding technique was found to be another factor that greatly affected SBSL event 

reproducibility and stability. During the course of this project bubbles were seeded by 2 

methods: manual injection and electrochemical generation. 

 

3.1.1 Manual injection 

In the beginning of the project bubbles were seeded by entrainment during gas injection 

with a Pasteur pipette.  

 

Initial experiments were run in cell setup A (refer to Chapter 2.1.2 for detailed 

description) that was used in the SBSL experiments by Power [6]. Some difficulties 

such as position of the bubble in the cell, degassing procedure and the successful 

generation of a SBSL event and the breakage of the cell were encountered during our 

initial experiments.  
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In order to overcome these difficulties a new ultrasonic cell setup B (refer to Chapter 

2.1.2 for detailed description) was developed. Here the cylindrical shape was thought to 

give several advantages over the round bottom shape of the cell. Better control over the 

positioning of the bubble in the cell as several acoustic pressure distribution options 

were available and a much easier degassing procedure was investigated. Degassing was 

introduced in an attempt to improve SBSL event stability. Experiments were run in 

distilled water and in electrolyte solutions for comparison. In order to generate the 

SBSL event inside the cylindrical cell, knowledge of the liquid height at which the cell 

became resonant was needed. 

 

3.1.1.1 Solution height calculation in experiments with cylindrical 

cells 

In order to know the required liquid height within the cylindrical cell, it is advantageous 

to ascertain the speed of sound within the liquid media employed. Hence a simple 

experiment was designed to determine this quantity (c). Here a hydrophone was used to 

measure the time taken for a sound pulse to travel through the liquid (please refer to 

Section 2.1.7 for more experimental details). As the response time of the 

amplifier/transducer/hydrophone was not known, the speed of sound was found by 

varying the distance between the sound source and the hydrophone. Under these 

conditions the gradient of the delay time vs. distance is known to be the speed of sound 

in the liquid.  As an example the time delay dependence of the distance between the 

sound source and the hydrophone in KI/Na2SO4 is shown in Figure 3.1. The calculated 

speed of sound in the solution used was found to be 1595 m s-1 ± 3 m s-1 (95%). Next 

the obtained value was used in Equation 1.3 to find the liquid height needed to make a 

cell resonance at a transducer resonant frequency (57 mm in this case). In order to make 

the calculation the value of q (number of pressure antinodes in the cell) at given liquid 

height was chosen with regards to the experimental needs (e.g. depending on how many 

SBSL events were seeded during the experiment). This procedure helped to make an 

SBSL event more predictable. 
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Figure 3.1. Plot used to determine the speed of sound in 3 mM KI in 97 mM Na2SO4. Plot shows the 

distance, hydrophone was moved to, as a function of time between the trigger and the detection of 

acoustic signal. The acoustic signal with 5 Hz frequency was applied to the cell. Cell setup B was used in 

the experiment. Solution temperature was 22.7 ºC.  

Once the required liquid height was determined (appropriate numbers are given in 

figure legends), SBSL seeding can be carried out. Figure 3.2 demonstrates the process 

of bubble seeding in the chemical solution inside the cell setup B. 

 

  
Figure 3.2. Generation of a luminescing bubble by entrapment with a Pasteur pipette in cell setup B. 

SBSL cell before bubble seeding is shown in (a). Part (b) shows single luminescing bubble (marked by a 

white dotted line) after the seeding. An acoustic drive frequency of 39.11 kHz was applied to the cell. 

Temperature of water was 31.6 ˚ C. Liquid height was 50 mm. 

Seeding process is represented by a sequence of images taken before (a) and after 

bubble seeding and initiation of ultrasonic field (b). The results were found to be 

independent of liquid media used. The bubble was luminescing but didn’t appear to be 

stable for long periods of time. This was considered mainly to be due to re-gassing and 

contamination (e.g. dust) of the solution during the bubble injection. To overcome these 

issues further improvements in the cell setup and bubble seeding methods were 

required. 
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3.1.2 Electrochemical bubble seeding 

To overcome the re-gassing of the solution a piece of Clingfilm was applied over the 

top of the cylindrical cell straight after the end of the degassing process. In order to 

enforce more control over the seeding process and to eliminate solution contamination 

an electrochemical bubble generation technique was introduced. Cell setup C (refer to 

Chapter 2.1.2 for detailed description) with a copper base that was doubling as a 

reference/counter electrode was used in this case. Experimental results are given in 

Figure 3.3.  
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Figure 3.3. Electrochemical generation of the luminescing bubble on the 50 μm diameter platinum 

microdisc electrode (NE) in the cell setup C. The microelectrode was positioned in the centre of SBSL 

cell as shown on image (a). Image (b) illustrates luminescing bubble (circled with white dotted line) 

generated in the potential step experiment, when an acoustic signal of 37.86 kHz frequency was applied 

to the cell. Image (c) represents position of the SBSL event (circled with white dotted line) inside the 

experimental cell. Plot (d) shows the current recorded as a function of time during electrochemical bubble 

generation experiment. For hydrogen bubble generation the potential was stepped from 0.4 V to -3 V vs. 

Cu. Solution used was 3 mM KI in 97 mM Na2SO4 at 23.6˚ C. Solution height was set to 50 mm. 
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It was noted that at -3 V vs. Cu a stream of electrolytic gas bubbles (in this case H2) 

could be seen coming from the tip of the microelectrode. Figure 3.3 shows the sequence 

of images taken before (a) and after electrochemical bubble generation (b), (c). Figure 

3.3 (d) represents the current recorded as a function of time for a 50 µm platinum 

electrode during electrochemical bubble generation by potential step technique. 

Luminescing bubble appeared to be stable and reproducible. This clearly shows that 

electrochemical bubble generation is possible within the electrochemical SBSL cell. In 

addition this technique will have the advantage that only localised gas injection is 

required. This avoids re-gassing the solution, contamination (as happens with the pipette 

method), or large bubbles entrapment on the surface of the SBSL vessel (a problem 

noted during the project). Other advantages include control over the gas flux (number of 

gases could be produced electrochemically), and hence initial SBSL bubble composition 

could be varied. However, corrosion of the copper base during the experiments where 

bubbles were generated electrochemically was found to lead to solution contamination.  

The copper base was substituted with less corrodible silver plate in cell setup D (refer to 

Chapter 2.1.2 for detailed description) in order to overcome the solution contamination. 

For a more sufficient degassing process several improvements were also made to the 

experimental setup (see experimental section for details). SBSL events were seeded 

with electrochemically generated hydrogen and oxygen gases as shown in Figure 3.4. 

Hydrogen (a) and oxygen (b) gas was generated on the electrode electrochemically for 

the purpose of SBSL event seeding. Hydrogen seeded luminescent bubbles appeared to 

be more easily generated than oxygen seeded ones. Hydrogen seeded bubbles were 

found to luminesce for ~1.5 minutes on average. Oxygen bubbles usually luminesced 

for less than 1 minute. Stability of hydrogen seeded SBSL events was higher than that 

of oxygen seeded though not long enough for time consuming experiments. 

Reproducibility was noted to be a problem in both cases.  

Silver plate was found to corrode during these experiments but to a much smaller extent 

compared to copper. Solution temperatures in all the experiments (reaching over 30 ºC 

at some points) were very high in contrast to those used by other researchers [7-9]. 

Solution temperature definitely affects several SBSL event parameters such as 

brightness and stability [2, 10, 11]. Another problem was the epoxy resin used to 

connect the glass cylinder to the base of the cell. It was thought to be the source of 

solution contamination and caused constant leaks from the experimental cell. I2 
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formation in the experiments where oxygen gas was generated in KI solution was also a 

possibility. Experimental solution was later changed (refer to appropriate figure 

legends).  

  

Figure 3.4. Electrochemical seeding of SBSL event with hydrogen and oxygen gas generated on the 50 

μm diameter platinum microdisc electrode (NE) in the cell setup D. Luminescing bubble (circled with 

white dotted line) seeded with hydrogen gas is presented in (a). Image (b) illustrates luminescing bubble 

(circled with white dotted line) seeded with oxygen gas. Hydrogen and oxygen were generated by the 

potential step technique. The potential was stepped from 0.4 V to -3 V vs. Ag for hydrogen bubble 

generation and from 0.4 V to +3 V vs. Ag for oxygen bubble generation. Solution used was 3 mM KI in 

97 mM Na2SO4 at 23.5˚ C. Solution height was set to 45.5 mm. An acoustic signal of 27.82 kHz and 

27.83 kHz frequency was applied to the cell in the experiments with hydrogen and oxygen respectively. 

Further improvements were made to the experimental apparatus in order to overcome 

the arising problems and cell setup E was designed (refer to Chapter 2.1.2 for detailed 

description). The connection between the glass cylinder and the silver base was 

provided by an aluminium ring with 3 o-rings (see Section 2.1.2 for more details). This 

excluded the use of epoxy resin and possible contamination of solution. Detachable 

aluminium ring gave an opportunity to polish the corroded top layer off the Ag plate 

after each experiment. It also allowed connecting the experimental cell to a water bath 

for temperature control. The degassing procedure was adjusted by bubbling OFN 

through the solution prior to degassing under vacuum and after the process OFN was 

run over the solution. SBSL events seeded electrochemically with hydrogen and oxygen 

in the improved cell setup E are shown in Figure 3.5. Stability and reproducibility of the 

SBSL event were increased dramatically when setup E was used. However, oxygen 

seeded bubbles tended to be less stable and harder to generate than hydrogen generated 

bubbles. The most stable hydrogen luminescing bubble obtained in conditions given 
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existed for about 17 minutes. An average bubble luminesced for approximately 8-12 

minutes which was found to be appropriate for further time consuming experiments. 

  

Figure 3.5. Electrochemical seeding of SBSL event with hydrogen and oxygen gas generated on the 50 

μm diameter platinum microelectrode (NE) in the cell setup E. Luminescing bubble (circled with white 

dotted line) seeded with hydrogen gas is presented in (a). Image (b) illustrates luminescing bubble 

(circled with red dotted line) seeded with oxygen gas. Hydrogen and oxygen were generated by the 

potential step technique. The potential was stepped from 0.4 V to -3 V vs. Ag for hydrogen bubble 

generation and from 0.4 V to +3 V vs. Ag for oxygen bubble generation. Solution used was 3 mM KI in 

97 mM Na2SO4 at 21.7˚ C. An acoustic signal of 26.856 kHz and 26.945 kHz frequency was applied to 

the cell in the experiments with hydrogen and oxygen respectively. OFN was run through the solution 

prior to and over the solution after the degassing procedure. Image stacker software was used to create 

images (a) and (b). 

The reason that the event was not luminescing longer was still thought to be the 

contamination of the solution (e.g. the solution preparation was non-ideal) with 

surfactants and additives in chemical substances and water. Another reason of solution 

contamination was thought to be the vacuum grease that was used initially to provide a 

seal between the NBR o-rings and glass surface. Later o-rings that did not require 

greasing were used to exclude this contamination source. 

The O2 bubbles appeared to emit more light than H2 bubbles in the same conditions of 

electrochemical generation e.g. were visually brighter (see Figure 3.5). At this stage the 

bubble luminescence could only be obtained from the image recorded from the 

intensified camera, given that during all the experiments run the luminescence strength 

could be assessed by camera intensifier video gain. 

In accordance with literature [2, 12, 13] luminescence of the bubbles appeared to 

increase when temperature was lowered. Indeed bubbles generated at lower 
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temperatures (14 º C min) were clearly visible with the naked eye within the lab. 

However, it was noted that solution was cooling unevenly when setup E was used.  

The series of experiments for electrochemical generation of hydrogen and oxygen 

bubbles in air-containing and air-free solutions were performed for comparison. As a 

result the SBSL event obtained in air-free solution appeared to be more stable and 

reproducible than the one in air-containing solution. It could be assumed that 

electrochemically generated luminescing bubble in air-free solution contains primarily 

H2 or O2 depending on the applied electrode potential.   

Another major advantage of the electrochemical bubble generation technique is that it 

opens up a choice of initial gases that could be used to seed SBSL event.  

 

3.1.2.1 SBSL with Cl2 bubbles 

In most of the experiments in this project bubbles with the initial composition of 

hydrogen and oxygen were generated. Other possible initial compositions of the bubble 

were of interest. Image of eSBSL seeded with Cl2 bubbles is presented in Figure 3.6. 

The bubble appeared to be stable for approximately ~4 minutes, but not very 

reproducible. The luminescence intensity of Cl2 bubble was discovered to be in the 

range of O2 bubble. This result is in good agreement with literature reported findings 

[14]. 

It should be noted though that in all cases where a bubble has been generated 

electrochemically (or indeed by other methods in the literature [3, 4, 6, 15, 16]), the true 

composition of the luminescent bubble is unclear. This is due to the assumption that 

many chemical reactions take place on initiation of the SBSL event [15, 17-20]. This 

will change the composition of the gas bubble after it has been created. Nevertheless, 

the technique reported here has the distinct advantage over other initiation techniques in 

that it is tunable to a number of initial gas states (for example hydrogen, oxygen or 

chlorine). The nature of the interior of the bubble is a subject for further debate and 

experiment.  
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Figure 3.6. Electrochemical seeding of the SBSL event with Cl2 gas on 50 μm diameter platinum 

microelectrode (NE). Solution used was 0.2 M NaCl at 26.6˚ C in cell setup E. Luminescing bubble 

(circled with dotted line) was generated by a potential step experiment, when an acoustic signal of 

28.1199 kHz frequency was applied to the cell. For bubble generation the potential was stepped from 0.4 

V to +3 V vs. Ag.  Solution height was 46 mm. OFN was run through the solution prior to and over the 

solution after the degassing procedure.   

The cylindrical cell and increased stability of the SBSL event allowed for further more 

complex experiments to be attempted. 

 

3.1.2.2 Double eSBSL experiment 

An example of more complex experiments that are possible within the electrochemical 

setup is the generation of multiple single bubble events within a single cell. Here it is 

necessary to produce a sound field with a number of pressure antinodes (in the 3rd 

direction) and then generate an appropriate number of SBSL events within the cell.  

Experiments of two H2 bubbles simultaneous generation at different pressure antinodes 

in the eSBSL cell E were run as described in Chapter 2.3. Results are presented in 

Figure 3.7. Note that the solution height within the cell has been altered to attain two 

pressure antinodes within the cell. The positions of microelectrode in the eSBSL cell at 

the time of bubble production by potential step technique are presented in Figure 3.7 (a) 
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and (b). The image of two luminescing bubbles generated at different pressure antinodes 

is shown in Figure 3.7 (c). 

 
  

Figure 3.7. Electrochemical generation of two luminescent bubbles seeded with H2 gas at different 

pressure antinodes on 50 μm diameter platinum microelectrode (NE). Solution used was 3 mM KI in 97 

mM Na2SO4 at 26.0˚ C in cell setup E. Plot (a) shows the position of the microelectrode at the time of 

first bubble generation. Plot (b) shows the position of the microelectrode at the time of second bubble 

generation. Plot (c) illustrates two luminescing bubbles (circled with dotted lines) generated by a potential 

step experiment, when an acoustic signal of 27.7167 kHz frequency was applied to the cell. For bubble 

generation the potential was stepped from 0.4 V to -3 V vs. Ag. Solution height was 89 mm. OFN was run 

through the solution prior to and over the solution after the degassing procedure. 

However, both bubbles didn’t appear to be very stable (approximately 1-3 minutes) but 

the experiment was reproducible. The maximum luminescence of both bubbles could be 

achieved by adjusting the driving pressure amplitude. The results clearly show that 

electrochemical production of several bubbles is possible inside the same eSBSL vessel. 

While the multiple eSBSL system is appealing, further experiments concentrated on 

‘one’ eSBSL experiments. This is due to the desire to gain significant further 

information on this system in context with the available and extensive literature. Such 

experiments are now discussed. 

3.1.2.3 Argon doped SBSL 

It was reported in literature [1, 13] that the presence of noble gases significantly 

increases the brightness of the SBSL event. Experiments to investigate Ar doping on the 

SBSL event were run as described in Chapter 2.4 and the results of one of these 

experiments are presented in Figure 3.8. An image of the eSBSL cell used with a 

microelectrode positioned inside it is shown in Figure 3.8(a). Figure 3.8(b) shows a 

luminescing bubble seeded with hydrogen in a degassed solution which was initially air 

saturated. In comparison, a bubble seeded with hydrogen within a degassed solution 
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initially argon saturated is shown in Figure 3.8(c). It was noted that the bubbles 

generated in the Ar environment were less stable (~1 min) compared to the bubbles 

seeded in the absence of noble gas pre-saturation. It can be clearly seen in the images 

that argon pre-saturation increased the emission of light from subsequent bubbles 

seeded with hydrogen (note this decision was made based on bubble brightness in the 

intensified images). However, to measure the increase of SBSL light emission intensity 

further complementary experiments are needed. 

   

Figure 3.8. Comparison of eSBSL seeded with hydrogen gas in the presence and absence of noble gas 

(Ar in this case) on 50 μm diameter platinum microelectrode (NE). Solution used was 3 mM KI in 97 mM 

Na2SO4 at 23.0˚C in the cell setup E. For bubble generation the potential was stepped from 0.4 V to -3 V 

vs. Ag. The microelectrode was positioned off centre of eSBSL cell as shown on Plot (a). Plot (b) 

illustrates luminescing bubble (circled with dotted line) generated in a potential step experiment, when an 

acoustic signal of 27.2400 kHz frequency was applied to the cell in the absence of noble gas. Plot (c) 

illustrates luminescing bubble (circled with dotted line) generated in a potential step experiment, when an 

acoustic signal of 27.2480 kHz frequency was applied to the cell in the presence of noble gas. Solution 

height was 46 mm. 

Even though the use of cell setup E led to dramatic increase in SBSL stability and 

reproducibility and allowed us to perform several relatively long-lasting experiments it 

still had some disadvantages. These include uneven solution temperature and fast 

solution contamination with air-born particles and gases. In attempts to improve the 

design, an aluminium plunger system was introduced in cell setup F (refer to Chapter 

2.1.2 for detailed description) in order to avoid solution regassing and keep it impurity 

free as well as help thermostat the cell. 

The use of aluminium plunger lead to improvement of SBSL stability (most bubbles 

were stable for up to 20 minutes) due to the prevention of gas dissolution into the media 

or contamination from gas motes originating in the lab environment. Results of one of 

these experiments are presented in Figure 3.9. 
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Figure 3.9. Electrochemical seeding of SBSL event with hydrogen and oxygen gas generated on the 50 

μm diameter platinum microdisc electrode (NE) in the cell setup F. Luminescing bubble (circled with 

white dotted line) seeded with hydrogen gas is presented in (a). Image (b) illustrates luminescing bubble 

(circled with white dotted line) seeded with oxygen gas. Hydrogen and oxygen were generated by the 

potential step technique. The potential was stepped from 0.4 V to -3 V vs. Ag for hydrogen bubble 

generation and from 0.4 V to +3 V vs. Ag for oxygen bubble generation. Solution used was 0.1 M NaNO3 

at 16.5˚C (a) and 19.5˚C (b). Solution height was 52 mm. An acoustic signal of 38.19 kHz and 35.08 kHz 

frequency was applied to the cell in the experiments with hydrogen and oxygen respectively. OFN was 

run through the solution prior to and over the solution after the degassing procedure. Image stacker 

software was used to create images (a) and (b). 

Both hydrogen seeded (Figure 3.9(a)) and oxygen seeded (Figure 3.9(b)) SBSL events 

appeared to be stable (~20 minutes on average) and reproducible once the right 

experimental conditions were met. It should be noted, that the frequency at which SBSL 

was generated was significantly altered which is thought to be because of changed 

boundary conditions in the cell (pressure maximum at metal-liquid interface instead of a 

minimum at air-liquid interface) that affect the resonance frequency of the standing 

wave field within the cell. However, in these experiments the SBSL event was hard to 

predict in terms of absolute frequency etc. (this is a function of temperature and solution 

height which were found to be difficult to control in experimental conditions used). 

Several experiments to measure SBSL driving pressure with in-house constructed as 

well as commercial calibrated hydrophones were run but no consistent and reproducible 

results were received. This was attributed to the fact that some amount of liquid was 

displaced when even the smallest hydrophone was inserted into/moved within the media 

that led to the change in acoustic pressure distribution inside the SBSL cell. It was also 

noted during these experiments that the electrolyte became contaminated with 

particulate matter. This was probably due to a process at the Ag electrode (base plate 

was also used as ref/counter electrode) forming a solid layer (e.g. AgCl in Cl- media) 
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which was subsequently eroded through parasitic cavitation effects at the 

transducer/liquid interface. These silver particles could be decreasing stability and 

reproducibility (as contamination increased with time) of SBSL events. Another source 

of possible solution contamination was residue alumina (used to polish off corroded 

layer). Sonification of silver plate in ultrasonic bath was introduced in order to help 

decontaminate the plate but this process did not help decrease the amount of impurities 

in the solution. In the next step, the silver base was plated with gold to reduce the 

possibility of surface erosion. Even though this lead to some improvement in solution 

purity, SBSL stability was still not sufficient for longer experiments.   

In order to avoid measurement difficulties and all the erosion related problems 

mentioned above it was decided to reintroduce the spherical cell (cell setup G (refer to 

Chapter 2.1.2 for detailed description)). Advantages included the absence of large metal 

surfaces prone to erosion and possible leaking points. In addition the displacement of 

the liquid didn’t have a dramatic effect on sound distribution in the cell. This allowed to 

measure driving pressure in the cell needed for SBSL generation. 

3.1.2.4 SBSL driving pressure measurements 

The use of commercially available Reson hydrophone in the spherical cell allowed to 

measure acoustic pressure at the pressure antinode at the point of bubble existence. For 

explanation of the experiment please refer to the Chapter 2.5.  A stable eSBSL event 

obtained during this experiment is presented in Figure 3.10(a). A hydrophone position 

in the cell is presented in Figure 3.10(b).  As a result of such experiments, driving 

acoustic pressures amplitudes for stable SBSL event were found to be in range of 1.05 

atm to 1.62 atm over a frequency range of 27.183 to 27.247 kHz. The variation in 

pressure was attributed to temperature differences in experiments over time (performed 

on different days) and the precision of hydrophone positioning. In experiments where 

ultrasonic frequency was held constant, acoustic pressure amplitude in the range of 

1.15-1.43 atm was needed in order to generate a stable SBSL event. Temperature 

dependence was also noted in these experiments. The results are in good agreement with 

literature reported values [17]. 
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Figure 3.10. Images of stable SBSL event (a) and hydrophone positioning in the cell (b) during the 

driving pressure measurement experiment. SBSL event (circled with black dotted line) was seeded 

electrochemically with hydrogen gas generated on a 250 μm diameter platinum microelectrode (NE) in 

the cell setup G. The potential was stepped from 0.4 V to -3 V vs. Ag for hydrogen generation. Solution 

used was 0.1 M NaNO3 at 16.1˚C. An acoustic signal of 27.20 kHz frequency was applied to the cell. 

Driving pressure amplitude was 1.15 atm. 

In most of later experiments stable eSBSL events were generated at driving pressures of 

0.85 to 1.65 atm. While literature reports the stable range of zero-to-peak pressure 

amplitudes for SBSL to be of the order of 1.1 to 1.6 Atm [20-22], it was noted that 

within this project the pressure range for SBSL measured with a calibrated hydrophone 

could be outside of this zone. This perhaps emphasises the difficulty in accurately 

measuring pressure amplitudes over the size domain of the pressure antinode within the 

SBSL cell. Hence, considering these limitations and the accuracy of hydrophones in 

general (~10% at best), it is unsurprising that such variations are noted. Unfortunately 

this complicates direct comparisons between groups and measurements. 

Later, after degassing, the hydrophone was positioned in the centre of the cell and 

conditions (frequency and pressure amplitude) were altered until acoustic pressures of 

about 1.35 atm were reached. Electrochemical generation of the bubble was run as 

usual. This method was useful when spherical eSBSL cell was reintroduced, as it 

allowed the right conditions for stable and reproducible SBSL to be found quickly. 

Stable luminescing bubbles seeded with hydrogen and oxygen obtained during 

experiments in cell setup G are presented in Figure 3.11. 
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Figure 3.11. Electrochemical seeding of SBSL event with hydrogen and oxygen gas generated on the 250 

μm (a) and  50 μm (b) diameter platinum microdisc electrode (NE) in the cell setup G. Luminescing 

bubble (circled with white dotted line) seeded with hydrogen gas is presented in (a). Image (b) illustrates 

luminescing bubble (circled with white dotted line) seeded with oxygen gas. Hydrogen and oxygen were 

generated by the potential step technique. The potential was stepped from 0.4 V to -3 V vs. Ag for 

hydrogen generation and from 0.4 V to +3 V vs. Ag for oxygen generation. Solution used was 0.1 M 

NaNO3 at 20.8˚C (a) and 19.7˚C (b). An acoustic signal of 27.26 kHz and 27.3 kHz frequency was 

applied to the cell in the experiments with hydrogen and oxygen respectively. OFN was run through the 

solution prior to and over the solution after the degassing procedure. Image stacker software was used to 

create image (a). 

It can be seen in Figure 3.11 that oxygen seeded bubbles were much brighter (were 

easily seen with the naked eye) than hydrogen seeded ones. One of the major 

advantages of this system over the cylindrical cell was a major increase in the 

reproducibility of the experiments. This allowed for the measurement of important 

experimental parameters (e.g. driving pressure amplitude) inside the cell. However, at 

the same time luminescing bubble stability had decreased (7-10 minutes on average). 

This was attributed to the solution contamination with air-born debris. Another problem 

affecting SBSL reproducibility was a temperature gradient that existed across the 

solution because cooling was done only at the bottom of the cell. 

It was decided at this point in project that design of the experimental setup did not allow 

to thermostate the cell appropriately hence cooling of the cell was discontinued. In order 

to reduce the air contamination of the solution innovative cell setup H (refer to Chapter 

2.1.2 for detailed description) was designed. Hydrogen and oxygen seeded eSBSL 

events generated in this cell are presented in Figure 3.12. 
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Figure 3.12. Electrochemical seeding of SBSL event with hydrogen and oxygen gas generated on the 50 

μm diameter platinum microelectrode (ME) in the cell setup H. Luminescing bubble (circled with white 

dotted line) seeded with hydrogen gas is presented in (a). Image (b) illustrates luminescing bubble 

(circled with white dotted line) seeded with oxygen gas. Hydrogen and oxygen were generated by the 

potential step technique. The potential was stepped from 0.5 V to -3 V vs. Ag for hydrogen generation 

and from 0.5 V to +3 V vs. Ag for oxygen generation. Solution used was 0.1 M NaNO3 at 21.2˚C. OFN 

was run through the solution prior to and over the solution after the degassing procedure. An acoustic 

signal of 27.36 kHz and 27.38 kHz frequency was applied to the cell in the experiments with hydrogen 

and oxygen respectively. Driving pressure amplitude was 1.48 atm (a) and 1.35 atm (b). Note other bright 

spots on the image are reflections off the glass. 

Although both hydrogen and oxygen SBSL bubbles were stable (up to 20 minutes) they 

were not very reproducible. Some cell regassing occurred during the experiments. In 

addition solution contamination with unidentified nuclei was observed. Hence SBSL 

predictability was not sufficient for long-lasting experiments. 

In order to minimize the contact with air a new cell setup I was designed (refer to 

Chapter 2.1.2 for detailed description). One of the main advantages over the cell setup 

H was the absence of the border between round-bottomed cell and glass insert that was 

a possible leakage and contamination point. Hydrogen and oxygen seeded eSBSL 

events generated in this cell are presented in Figure 3.13. Nevertheless, both hydrogen 

and oxygen bubbles were found to be stable for a prolonged amount of time (~ 45 

minutes). In some experiments bubbles (in this particular case presented oxygen seeded 

bubble) ‘flickering or dancing’ was observed. This was attributed to contaminants inside 

the solution which were assumed to collide with the bubble. Reproducibility and 

predictability were sufficient for further experiments. 
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Figure 3.13. Electrochemical seeding of SBSL event with hydrogen and oxygen gas generated on the 50 

μm diameter platinum microelectrode (ME) in the cell setup I. Luminescing bubble (circled with white 

dotted line) seeded with hydrogen gas is presented in (a). Image (b) illustrates luminescing bubble 

(circled with white dotted line) seeded with oxygen gas. Hydrogen and oxygen were generated by the 

potential step technique. The potential was stepped from 0.5 V to -4 V vs. Ag for hydrogen generation 

and from 0.5 V to +4 V vs. Ag for oxygen generation. Solution used was 0.1 M NaNO3 at 20.2˚C. OFN 

was run through the solution prior to and over the solution after the degassing procedure. An acoustic 

signal of 26.42 kHz frequency was applied to the cell. Driving pressure amplitude was 1.4 atm (a) and 

1.32 atm (b). Note other bright spots on the image are reflections off the glass. 

As SBSL lifetime increased stability of the bubble over the lifetime was also of an 

interest. Example of 3.5-hour luminescing bubble images over the period of its 

existence is presented in Figure 3.14. It can be seen that bubble was luminescing stably 

for the first 3 hours with no major changes in brightness and size. After 200 minutes 

bubble started ‘dancing’ (moved around) that lasted for 30 minutes illustrated by the 

decrease in bubble size and brightness. The use of improved apparatus lead to 

remarkable improvement of SBSL stability (most bubbles were stable for up to 40 

minutes, some up to 4 hours) and reproducibility due to minimal regassing and air 

contamination. Stability achieved was sufficient for further experiments that were time 

consuming (e.g. high-speed imaging and spectroscopy). 
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Figure 3.14. Stability of SBSL event over the lifetime. SBSL event (circled with white dotted line) was 

seeded electrochemically with hydrogen gas generated on the 50 μm diameter platinum microelectrode 

(ME) in the cell setup I. Hydrogen was generated by the potential step technique where the potential was 

stepped from 0.5 V to -3 V vs. Ag. Solution used was 0.1 M NaNO3 at 19.7˚C. OFN was run through the 

solution prior to and over the solution after the degassing procedure. An acoustic signal of 28.05 kHz was 

applied to the cell.  Driving pressure amplitude was 1.2 atm. Times at which images were taken during 

the experiment are given in appropriate frames. Zero time frame illustrates luminescing bubble right after 

the generation of SBSL event. Note other bright spots on the image are reflections off the glass. 
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In some experiments bubbles were experiencing ‘dancing’ behaviour (moved around) 

(this will be discussed in detail in the next Chapter 4) though stability wasn’t affected 

(~ 40 minutes). In example presented in Figure 3.14 this effect was probably caused by 

considerable change in experimental conditions (e.g. temperature) over the length of the 

experiment. Other possible factors causing this effect will be discussed in Chapter 4. 

Another phenomenon observed was luminescing bubble that was fading away with 

time. Please see Figure 3.15 for images of such SBSL event. In this case gradual bubble 

luminescence fading was observed for 32 seconds. In general the phenomenon was 

found to last for 10 to 40 seconds depending on the experimental conditions. In our 

opinion these bubbles are not contaminated with noble gas and contain primarily 

hydrogen gas they were seeded with. This hydrogen gas gets consumed in chemical 

reactions in the SL process. This theory will be challenged in the following chapters.  

The disadvantages of setup I included very hard cleaning process of the cell between 

experiments and constant leaking from the tap on the glass joint. The problem of 

constant contamination with unidentified nuclei was still affecting SBSL stability over 

space and time. 
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Figure 3.15. Images of the gradually fading away electrochemically seeded SBSL event (circled with 

white dotted line) generated on the 50 μm diameter platinum microelectrode (ME) in the cell setup I. 

Hydrogen gas was generated by the potential step technique. The potential was stepped from 0.5 V to -4 

V vs. Ag. Solution used was 0.1 M Na2SO4 at 24.7˚C. An acoustic signal of 27.89 kHz frequency was 

applied to the cell.  Driving pressure amplitude was 1.4 atm. Note other bright spots on the image are 

reflections off the glass. Note no OFN was used during the experiment. 

To exclude the leaking/breaking points and most of contamination sources from outside 

the cell the setup was simplified to the limit (cell setup J (refer to Chapter 2.1.2 for 
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detailed description)). Hydrogen and oxygen bubbles generated in the cell J are 

presented in Figure 3.16. 

  

Figure 3.16. Electrochemical seeding of SBSL event with hydrogen and oxygen gas generated on the 0.5 

mm diameter platinum electrode (McE) in the cell setup J. Luminescing bubble (circled with white dotted 

line) seeded with hydrogen gas is presented in (a). Image (b) illustrates luminescing bubble (circled with 

white dotted line) seeded with oxygen gas. Hydrogen and oxygen were generated by the potential step 

technique. The potential was stepped from 0 V to -4 V vs. Pt for hydrogen generation and from 0 V to +4 

V vs. Pt for oxygen generation. Solution used was 0.1 M NaNO3 at 22.3˚C. OFN was run through the 

solution prior to and over the solution after the degassing procedure. An acoustic signal of 27.01 kHz 

frequency was applied to the cell. Driving pressure amplitude was 1.15 atm (a) and 1.08 atm (b). Note 

other bright spots on the image are reflections off the glass. 

Both hydrogen and oxygen seeded SBSL events appeared to be stable for ~ 1 hour on 

average and up to 4 hours in some cases. “Dancing” behaviour of luminescing bubble 

was observed in some experiments. Reproducibility and predictability were at the 

sufficient for further experiments (e.g. TCSPC) level.  

Note that in all the experiments where cell setup J was used Ag wire was exchanged for 

Pt wire (reference/counter electrode). This was to avoid silver wire destruction under 

the influence of the ultrasound and contamination of the solution. However, 

contamination of the solution with unknown matter and other parasitic events were still 

posing a problem during experiments. 

 

3.1.2.5 Problems encountered during SBSL generation experiments 

Over the time of the eSBSL experiment development several problems were 

encountered. These included difficulties with the solution (e.g. overheating, 

contamination, regassing and uneven temperature), electrodes (cracking, surface 
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erosion) and cell configuration (e.g. leaking, low predictability of the experiment if 

cylindrical cell was used). Some of these problems (e.g. solution temperature control, 

leaking etc.) were overcome by making adjustments to the cell design. Detailed 

investigation of possible solution contamination and parasitic streaking from the 

electrode causes is presented below. 

 

3.1.2.5.1 Solution contamination  

SBSL event stability (over time and space) and reproducibility problems were attributed 

to the contamination of the solution with unknown particles. Several experiments were 

performed to determine composition, size and origin of these nuclei. 

In-situ filtering of the solution helped remove the particles already present in the liquid. 

However, the technique proved to be unsuitable for constant solution decontamination 

as it was found that particles were mostly formed during solution sonication especially 

during degassing. 

Laser scattering off the particles in contaminated solution is presented in Figure 3.17. 

Severe contamination of the solution could be observed (in a darkened room), but 

quantitative analysis could not be done using this method.  

 

 

 

 

 

 

 

 

 

 

Figure 3.17.  Laser scattering in contaminated solution. Liquid media was distilled water degassed at 5 

mbars for 15 minutes while 26.55 kHz frequency ultrasound was applied. A 635 nm laser was used as a 

qualitative measure of solution purity. Scattered light is circled by white dotted line. Cell setup J was used 

in the experiment. 
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Particle size analysis results are presented in Table 3.1. It was found that most of the 

particles are nanosized or in a range of few micrometers.  

Table 3.1. Distibution plot of different sized particles in contaminated solution. Liquid media was 

distilled water degassed at 5 mbars for 15 minutes while 26.55 kHz frequency ultrasound was applied. 

Total sampling time was 45 minutes per run per diffraction angle. 

R

Run 
Diffraction 

angle/° 

Amount of 

particles/% 

Mean 

diameter of 

particles/nm 

1 30 100 500±200 

1 90 96.9 2000±100 

  3.1 40±10 

2 30 64.2 6000±3000 

  35.5 700±400 

  0.3 20±3 

2 90 64.2 10000±1000 

  35.8 200±40 

 

Microscope imaging results are presented in Figure 3.18. It can be seen that the particle 

contamination is quite severe over a relatively small area of sample. Most particles are 

in the same size range. 
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Figure 3.18. Images of the unidentified nuclei obtained using electronic microscope. Liquid media was 

distilled water degassed at 5 mbars for 15 minutes while 26.55 kHz frequency ultrasound was applied. No 

scale could be given in this case. 

SEM and EDX experiments results are presented in Figure 3.19. 

  

 

Figure 3.19. Images of the solution contaminating nuclei obtained using SEM (a, b). EDX spectrum of 

particle is pictured in (c). Liquid media was distilled water degassed at 4 mbars for 30 minutes while 

26.55 kHz frequency ultrasound was applied.  Cell setup J was used in the experiment. 

Two different kinds of particles could be seen during experiments. First set of particles 

varied in shapes (round to crystalline (Figure 3.19 (a)) and sizes (up to 30 µm in 

diameter) but consisted mostly of Si. These are thought to be produced due to cell wall 

erosion during sonication. Second variety of particles tended to be spherical in shape 

(Figure 21 (b)), ranged in size and consisted mostly of carbon (Figure 3.18 (c)). Some 

particles appeared to be a cluster of smaller particles. 
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The origin of the particles contaminating the solution during the eSBSL generation 

experiments could not be determined at the time of this project. 

 

3.1.2.5.2 Streaking from the electrode 

Other parasitic events were noted during this project. One can be described as constant 

streaking from the electrode body. Figure 3.20 shows just such an occurrence. 

 

Figure 3.20. Streaking from the electrode tip to the centre of the cell during electrochemical seeding of 

SBSL event with hydrogen on 50 μm diameter platinum microelectrode (ME). Luminescing stream of gas 

is circled with white dotted line. Hydrogen was generated by the potential step technique. The potential 

was stepped from 0.5 V to -4 V vs. Ag for hydrogen generation. Solution used was 0.1 M NaNO3 at 

19.1˚C in the cell setup H. OFN was run through the solution prior to and over the solution after the 

degassing procedure. An acoustic signal of 27.82 kHz frequency was applied to the cell. Image stacker 

software was used to create image. Driving pressure amplitude was 1.1 atm. 

Cracks in the electrode body (see Figure 3.21) act as continual seeding sources for the 

SBSL event. However, they are difficult to control, inhibit stable SBSL events 

generation and cannot be switched ‘on’ and ‘off’. As a result electrodes were regularly 

inspected and replaced if cracks were observed in the support (in addition, the streaking 

phenomenon in the absence of electrochemical bubble generation, was also indicative of 

such electrode deterioration). 
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 Even though some problems (e.g. contamination) encountered during the SBSL 

experiment development were not resolved, relatively stable and reproducible SBSL 

events could still be produced. This allowed carrying out preliminary research of SBSL. 

 

 
Figure 3.21. Cracks on the surface of roughened 0.5 mm diameter Pt electrode (McE). 

 

3.2 Preliminary experiments on stable eSBSL event 

In order to show the scope of the experimental technique for further investigations, a set 

of experimental results are now described. First, the ability to study the effect of further 

gas injection on a stable SBSL event will be described. While, second, the ability to 

detect the presence of a stable SBSL event using mass transfer limited detection of the 

forced convection resulting from the bubble itself will be presented. 

 

3.2.1.1 Gas injection into stable SBSL event 

In theory gas from inside of the luminescing bubble is dissolving into surrounding 

liquid with time [17, 23]. It was noted during the course of this project that some SBSL 

events tended to ‘dissolve’ (gradually decrease in size) with time. It was of interest how 

the SBSL event would behave if more gas was generated by the potential step technique 

during a bubble’s lifetime. In these experiments a stable SBSL event was generated 

first. Hydrogen gas was produced electrochemically at the electrode after the bubble has 

been luminescing steadily for ~1 minute. Results of such an experiment are presented in 
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Figure 3.22. ‘Flickering’ and ‘dancing’ of luminescent bubbles was observed once 

second hydrogen gas generation phase had been started. After this secondary gas 

generation had been stopped, the SBSL event regained some stability at the pressure 

antinode at the centre of the cell. This SBSL event was visibly less bright and initially 

‘flickered’ for a few seconds before stable luminescence established. Whether the SBSL 

event after this process is the same as the initial event is the subject of debate and 

cannot be commented on at this stage. Another point of interest was investigation of 

SBSL event with the help of electrochemical techniques. 

 

       

 

Figure 3.22. Injection of the hydrogen gas into stable SBSL event. Initial SBSL event was seeded 

electrochemically with hydrogen gas generated on the 0.5 mm diameter platinum electrode (McE) in the 

cell setup J. Hydrogen was generated by the potential step technique. The potential was stepped from 0 V 

to -4 V vs. Pt for hydrogen generation. Solution used was 0.1 M NaNO3 at 22.0˚C. OFN was run through 

the solution prior to and over the solution after the degassing procedure. An acoustic signal of 26.78 kHz 

frequency was applied to the cell. Driving pressure amplitude was 0.8 atm. Luminescing events are 

circled with white dotted lines. 

 

3.3  Electrochemical detection of the SBSL event 

In this project electrochemistry was used to detect presence of the SBSL event. Initially 

in these experiments SBSL event was seeded with electrochemically generated 

hydrogen or oxygen gas with the electrode positioned far away from the centre of cell. 

Electrode potential was switched to the mass transfer mode and electrode was moved in 

z direction towards the luminescing bubble with the help of a micro positioner after the 

successful seeding was achieved. It should be noted that the exact distance between the 

electrode tip and the SBSL event could not be determined with the apparatus used. Once 

the electrode was close enough to the SBSL event (determined with a help of low light 

Hydrogen injection Stable SBSL SBSL after gas injection 
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imaging) chronoamperometry was recorded for some time followed by a cut-off of the 

acoustic signal which essentially destroyed the SBSL event. 

Schematic of the electrochemical SBSL detection procedure is given in Figure 3.23. 

 
 

 
 

Figure 3.23. Schematic of the experimental procedure for the electrochemical detection of the SBSL.  

Experimental results of electrochemical bubble detection are presented in Figure 3.24. 

Here at time t = 0 s the potential was stepped to -3 V vs. Ag for H2 bubble generation 

and SBSL event seeding (region A in Figure 3.23 and Figure 3.24(a)). At time t = 5 

seconds, the electrode potential was stepped to 0.1 V into mass transfer measure region. 

At the time from 7 seconds to 14 seconds the electrode was moved closer to the bubble 

(region B in Figure 3.23 and Figure 3.24(a)). Note an increase in the mass transfer 

limited current can be observed. This is attributed to forced convection as a result of 

bubble oscillations (see region C Figure 3.23 and Figure 3.24(a)). When ultrasonic 

irradiation of the liquid was terminated (see t = 35 seconds), the loss of the SBSL event 
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was also accompanied with a decrease in mass transfer limited current as expected (see 

region D Figure 3.23 and Figure 3.24(a)). 
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Figure 3.24. Electrochemical detection of the SBSL. Sections (A)-(D) relate to the experimental 

procedures given in Figure 3.23. Plot (a) represents chronoamperometry for SBSL event generation and 

detection. Hydrogen gas was produced electrochemically on the 0.5 mm diameter platinum electrode 

(McE) in 1mM K3Fe(CN)6 in 0.1 M Sr(NO)3 solution at 17.2˚ C. Solution height in cell setup E was 52 

mm. For bubble generation the potential was stepped from 0 V to -3 V vs. Ag (region A). Electrode was 

moved close to the bubble in region B from t=7s to t=14s. Electrode was positioned close to the bubble in 

region C. Acoustic signal of 26.728 kHz frequency was applied to the cell. No acoustic signal was applied 

in region D. Image of appropriate luminescing bubble (circled with a dotted white line) is presented in 

(b). Picture was taken when electrode was in position for bubble generation. Note ‘Image stacker 

software’ was used to create the image. 

The results of the experiments (mass transfer limited current increase close to the 

electrode and decrease at the sound field absence) were reproducible over the 

experimental range done. However, the amount mass transfer limited current increased 

by when electrode was moved closer to the bubble did change. This alteration can be 
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attributed to the fact that distance between the bubble and the electrode could not be 

determined during the course of this project.  

Electrochemical investigation of SBSL event opens up a range of possible opportunities. 

Electrochemical detection explained above could be beneficial in some cases. In 

addition by adjusting experimental conditions (e.g. solution composition, electrodes, 

luminescent bubble initial composition) it would be possible to investigate a number of 

SBSL properties such as radical generation, erosive action etc. Further work in this area 

would be a worthwhile extension to this project. 

 

3.4 Conclusion 

In this chapter the evolution of SBSL event generation experiments and preliminary 

experiments on stable SBSL were described. 

One of the main goals of this project was to find a technique for stable, reproducible and 

predictable SBSL event generation. 

Two seeding methods were tested. Single bubbles were generated either by injecting air 

with a Pasteur pipette or by electrochemical in situ bubble generation. The 

electrochemical bubble generation procedure was found to have a number of advantages 

compared to other entrapment techniques. These include only localised gas injection, 

absence of solution re-gassing and contamination (as happens with the pipette method), 

large bubbles entrapment on the surface of the SBSL vessel, and ability to control initial 

SBSSL bubble composition. 

Number of cell setups was developed over the course of this project in order to 

overcome arising problems (leaking, regassing, corrosion, contamination etc.). 

Cylindrical cell configuration had allowed producing relatively stable and reproducible 

SBSL events. One of the main advantages of this cell was the possibility to produce a 

number of pressure antinodes in the cell where numerous SBSL events could be 

generated. However, experiments with this cell lacked predictability. Complex 

cylindrical and spherical cell setups tended to have a number of problems (uneven 

cooling, leaks etc.) that limited the stability of the eSBSL event. A simple setup 

consisting of a spherical cell connected to a transducer was found to be the best choice 

for stable, reproducible and predictable eSBSL generation.  
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Images of stable and reproducible SBSL event seeded with electrochemically generated 

hydrogen, oxygen and chlorine bubbles were obtained. Even though some experimental 

results lead to the assumption that electrochemically generated SBSL event contains 

primarily gas that was used to seed it, the true composition of the luminescent bubble is 

still unclear. 

Noble gas doping effect on SBSL event was investigated. It was found that noble gas 

content in the bubble has a dramatic effect on the intensity of the emitted light. Further 

work is needed to measure this effect. 

The ability of the system to produce several bubbles simultaneously in the SBSL vessel 

was examined. It was found that it is clearly possible to generate multiple single 

luminescing bubbles at different pressure antinodes inside the eSBSL cell.  

Solution contamination with undefined nuclei that affected eSBSL stability and 

reproducibility presented major problem in all the experiments. Several possible 

contamination sources were removed from the setups. Number of the experiments was 

performed to determine composition, size and origin of these nuclei. However, the 

origin of the contaminant present in the solution during the eSBSL experiments still 

remains to be determined. 

Preliminary experiments of the SBSL event were carried out. Inconclusive results were 

obtained, when injection of electrochemically generated gas into stable SBSL event was 

performed. This was based on the inability to determine if the SBSL event after the gas 

injection was same or different to the initial event with the apparatus used.  

It was shown that electrochemical in-situ SBSL event detection is indeed possible and 

could be beneficial in some cases. However, further work is needed in this area. 
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The use of high-speed imagery to study SBSL has been reported in the literature before [1-

4]. Ohl et al. [4] performed direct optical observation of the bubble dynamics with the help 

of the gated CCD camera and flash illumination. Images of radially oscillating trapped 

bubble and spherical shock wave emitted by the bubble into surrounding liquid were 

obtained. Bubble was found to be spherically symmetric at all times. Correspondence of 

experimental bubble radius with time was found to be in good agreement with theoretical 

calculations. Nozaki et al. [1] studied the dynamics of SBSL in aqueous alkaline halide 

solutions at different salt concentrations. In highly concentrated solutions unstable SBSL 

was observed caused by splitting of the luminescing bubble. This phenomenon was 

attributed to the fact that surface tension of the bubble decreased dramatically with the 

increase of solution concentration. An increase in SBSL luminosity was observed with 

increase of solution concentration. This effect was attributed to the decreased amount of 

vapour inside the bubble due to salt addition.  

 

4.1 SBSL imaging 

In this project high-speed imaging has been employed to look at the luminescent bubble 

behaviour under different conditions. The results of such experiments will be discussed in 

this section. 

Figure 4.1 shows the evolution of a luminescent cavitating bubble. Bubble-radius curve 

presented in Figure 4.1 (B) illustrates the positioning of actual bubble photographic frames 

within the typical SBSL bubble oscillation cycle. As frame rate of the camera is higher 

than bubble oscillation rate (related to the frequency of the ultrasound) hence bubble 

behaviour is showed to |ωi-ωf|, where ωi is the imaging rate and ωf is the speed of SBSL. In 

this experiment images were acquired every 33.3 µs and the bubble cycle was 35.5 µs. 

This means that each subsequent frame was positioned 2.2 µs earlier in the bubble 

oscillation cycle that is illustrated in Figure 4.1 (A, B) by numbers (1)-(5). 

4 Chapter: High-speed imaging 
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Figure 4.1. Images of the evolution of a single sonoluminescing bubble recorded at a speed of 30000 fps 

with an exposure time of 20 µs are shown in part A. The experiment was run in setup D in 0.1M NaNO3 

solution. Hydrogen bubbles were generated on 0.5 mm diameter Pt electrode. For bubble generation the 

potential was stepped from +0.4 V to -3 V vs. Ag. Bubble was driven at zero-to-peak pressure amplitude of 

1.42 atm when an acoustic signal of 28.1740 kHz frequency was applied to the cell. Temperature of the 

solution was 20.3˚C. Zero time was set relative to the times at which the other images were taken. Frames 

(1)-(5) position within the bubble oscillation cycle is illustrated on the radius-time curve presented in part B. 

Radius-time curve was taken from [1]. 
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Complete bubble oscillation cycle occurred at |ωf-ωi| which means that in the experiment 

presented images repeated every 548 µs (cycles are marked (a), (b)). Smudging on the 

images was caused by relatively low shutter speed. However, the choice of shutter speed 

was determined by the resolution of the images recorded and light availability. It has to be 

noted that with the apparatus used quality of the images was greatly limited by the choice 

of a light source in most of the experiments. The luminescent bubble performed radial 

oscillations in a highly nonlinear fashion. Following the formation bubble expanded 

massively in the rarefaction phase of the sound field. This was succeeded by a vigorous 

collapse in the compression cycle of the sound wave down to the extremely small bubble 

radius. The “bouncing” of the bubble at the end of each cycle is not presented in the 

photographic series due to high shutter speed used in the experiment. Exposure time in this 

experiment was set at 20 µs which is much longer than the after bounce time of the SBSL. 

The cycle was found to be reproducible continuously during the lifetime of the bubble. 

The reproducibility of the bubble behaviour under identical conditions was investigated. 

Results of such experiments are presented in Figure 4.2. 

     

     

     

     
 Figure 4.2. Images of two (row (a) and row (b)) single sonoluminescing bubbles generated in identical 

conditions recorded at a speed of 30000 fps with an exposure time of 20 µs. The experiment was run in setup 

D in 0.1M NaNO3 solution. Hydrogen bubbles were generated on 0.5 mm diameter Pt electrode. For bubble 

generation the potential was stepped from +0.4 V to -3 V vs. Ag. Bubbles were driven at zero-to-peak 

pressure amplitude of 1.42 atm when an acoustic signal of 28.1840 kHz frequency was applied to the cell. 

Temperature of the solution was 20.3˚C. Zero time was set relative to the times at which the other images 

were taken. 

Bubbles generated under identical conditions (bubble (a) and (b) in Figure 4.2) showed 

similar behaviour. Typical oscillation cycles for the SBSL as seen above in Figure 4.1 

Bubble (a) 
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0 µs 
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were observed for both bubbles. Bubble size and positioning of the bubble within the cell 

was close in both cases. Note that the magnification of the lens and the position of the 

camera were not altered during this experiment. 

Driving pressure alternation influence on the SBSL event was also investigated (see Figure 

4.3 for results). 

     

     

     

     

     

     
Figure 4.3. Comparison of images of the luminescing bubbles generated at different zero-to-peak pressures 

recorded at 36000 fps with a shutter speed of 1/100000 s-1. The experiment was run in setup D in 0.1M 

NaNO3 solution. Hydrogen bubbles were generated on 50 µm diameter Pt electrode. For bubble generation 

the potential was stepped from +0.4 V to -4 V vs. Ag. Bubbles were driven at zero-to-peak pressure 

amplitude of 1.1 atm (bubble (a)) and 1.0 atm (bubble (b)) when an acoustic signal of 27.7908 kHz frequency 

was applied to the cell. Temperature of the solution was 20.5˚C. Zero time was set relative to the times at 

which the other images were taken. 
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The main differences in bubble were attributed to changes in experimental conditions 

(pressure in the cell). Here position of the bubble in the cell and the size of the bubble can 

be seen to change. At lower pressures bubbles tended to be smaller in size at all points of 

the cycle compared to those at higher driving pressures. Position of the bubble was 

changed probably due to the small changes in the sound field distribution within the cell. 

In some experiments a split-up of the luminescing bubbles was observed. See Figure 4.4 

for examples. 

     

     

     

     

     

     

     

     

     

     
Figure 4.4. Example of bubble splitting during SBSL event. 0s time was set relative to the times at which the 

other images were taken. Experiment was run in a cell setup D in 0.1M NaNO3 solution. Hydrogen bubble 

was generated on 50 µm Pt electrode. For bubble generation the potential was stepped from 0.4 V to -3 V vs. 

Ag. Zero-to-peak pressure amplitude was 0.9 atm at the point of bubble generation. An acoustic signal of 

28.0595 kHz frequency was applied to the cell. Temperature of the solution was 21.8˚C. Recorded at 150000 

frames s-1 with a shutter speed of 1/150000 s. Bubble position in the cell is circled with black dotted line. 
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A more detailed observation of luminescing bubble revealed development of split-ups of 

the bubble into two or more fragments in some cycles (see frames at 40, 80, 113 and 253 

µs in Figure 4.4 and Figure 4.5 for magnified images). These clusters of bubbles could 

either oscillate in the cycle they were produced and break up by the start of the next cycle 

or could be present in several consecutive cycles. Bubble cluster did change position inside 

the cell during this phenomenon compared to positioning of bubble in normal cycles. 

Although it has to be mentioned that there was a lot of bubble movement even during 

stable bubble oscillation cycles.  

    

Figure 4.5. Magnified images of the SBSL event fragmentation. Images correspond to ones at 40, 80, 113 

and 253 µs in Figure 4.4. Separate events are circled with dotted lines. 

 

Fragmentation of the SBSL has been mentioned in the literature before. Nozaki et al. [1] 

observed bubble splitting in concentrated aqueous alkaline halide solutions in the region of 

"dancing" SBSL. Indeed, in the work presented fragmentation occurred to bubbles that 

were likely to move around a lot. However, in our experiments diluted salt solutions were 

used. Presence of salt in certain experimental conditions could reduce bubble surface 

tension and lead to bubble split-ups into several fragments. Krefting et al. [5] have reported 

bubble fragmentation during SBSL in non-degassed water. They speculate that the 

phenomenon may be caused by some dissociation processes of captured reactive gases that 

cause shape instabilities. In the work presented experimental solution was degassed to the 

appropriate levels. Note no quantitative analysis of dissolved gas concentrations during this 

type of experiment was done. 

In Figure 4.4 fragmentation of the luminescing bubble was observed when bubble was 

driven at a pressure of 0.9 atm. Typical pressure for SBSL generation is usually reported to 

be 1.1 to 1.6 atm [6-9]. In the conditions used lower driving pressures of ~ 1 atm are more 

common for MBSL [10, 11]. One of the possibilities would be that in some cycles slightest 

changes in the experimental conditions lead to creation of MBSL instead of SBSL. 
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One of other possible factors causing this fragmentation of SL bubbles was thought to be 

solution heating from the light source as fragmentation occurred only later in experiment. 

The light source used reduced the stability of luminescing bubbles by heating up the 

solution and light fluctuations affected the quality of the images obtained. 

Another example of bubble fragmenting is presented in Figure 4.6. 

     

     

     

     

     

     

     

     

     

     
Figure 4.6. Example of bubble splitting during SBSL event. 0s time was set relative to the times at which the 

other images were taken. Experiment was run in a cell setup I in 0.1M Na2SO4 solution. Hydrogen bubbles 

were generated on 50 µm Pt electrode. For bubble generation the potential was stepped from 0.4 V to -4 V vs. 

Ag. Zero-to-peak pressure amplitude was 1.4 atm at the point of bubble generation. An acoustic signal of 

27.9096 kHz frequency was applied to the cell. Temperature of the solution was 24.8˚C. Recorded at 112500 

frames s-1 with a shutter speed of 1/202000 s. 

 

Bubble fragmentation was observed during "moving" SBSL event. Bubble clusters 

oscillated in the cycle they were produced and tended to disappear by the next cycle. 
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Pressure of 1.4 atm was needed to drive the bubble in this case but note that a different salt 

(sodium sulphate compared to sodium nitrate in Figure 4.4) solution was used and the 

temperature of the solution was higher than usual. In experiments at higher solution 

temperatures higher driving pressure are needed to produce SBSL and luminescing bubble 

was usually unstable or moving around in the cell a lot. Bubble fragmentation was 

observed during "dancing" SBSL in most of the experiments. It is clear that "dancing" 

SBSL occurrence is dependent on experimental conditions. In our project one of such 

conditions was electrochemical bubble generation. Closer look into bubble generation on 

the electrode was taken. 

 

4.2 Imaging of bubble generation on the electrode 

A series of experiments were performed to investigate the generation of bubbles and their 

behaviour on the electrode. The aim was to determine how much gas was being produced 

at the electrode and how generated bubbles were dissolving into surrounding liquid under 

different experimental conditions. 

 

4.2.1 Bubble seeding on the electrode in an absence of acoustic 
excitation 

First, a set of experiments was carried out to determine how the current density influences 

bubble generation. In the first part of the experiment SBSL events were generated in a 

variety of experimental conditions (e.g. different current densities).  In the second part of 

the experiment conditions were recreated with the exception of sound field absence and 

high-speed imaging was used to photograph bubble generation on the electrode. Note that 

electrode, where bubbles are generated and photographed, is positioned well away from the 

pressure antinode where SBSL event existed in the cell in the first part of the experiment. 

High-speed camera results of the experiments with hydrogen bubbles are shown in Figure 

4.7. In the first part of the experiment stable SBSL only occurred at current densities below 

-0.27 A cm-2
 (below the shaded area on chronoamperometry graph in Figure 4.7). 

"Dancing" (where bubble was moving around a lot) SBSL was produced at current density 

from -0.27 A cm-2 to -0.08 A cm-2 (shaded region in Figure 4.7). 
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Figure 4.7. Images of hydrogen bubbles generated at a 0.5 mm diameter Pt electrode at variable electrode 

potential steps in an absence of sound field recorded using a HSC. Cell setup E contained 0.1 mol dm-3 

NaNO3 solution at 21.5 º C. The electrical potential was stepped from +0.5 V to -4V; -3.5 V; -3.0 V; -2.8 V; -

2.5 V vs. Ag at t=5 and back to +0.5 V at t=10.0 s. Selected images are shown with the appropriate time 

period on each frame. The high-speed images where recorded at 50 fps with a shutter speed of 1/4000 s. The 

lower section of the figure shows the chronoamperometry recorded simultaneously with the high-speed 

imaging data. Black bar on the images is the electrode. Note SBSL wasn’t run simultaneously with gas 

generation imaging (e.g. SBSL stability comments refer to the first part of this experiment). 
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(-2.5 V) 4.8 s 
0.5 mm 

5.0 s 5.2 s 5.4 s 5.6 s 

6.6 s 7.6 s 8.6 s 9.6 s 10.6 s 
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At current densities above -0.08 A cm-2 no SBSL could be detected (above the shaded area 

on chronoamperometry graph). Streaking from the electrode towards the pressure antinode 

at the centre of the cell was visible at current densities below -0.05 A cm-2. 

SBSL results of these experiments with hydrogen bubbles are shown in Table 4.1. 

Table 4.1. Results of SBSL experimet run with hydrogen bubbles generated on the 0.5 mm diameter Pt 

electrode at different current densities. Acoustic signal of 27.2409 kHz frequency was applied to the cell. 

Bubble was driven at zero-to-peak pressure amplitude of 1.55 atm. For further details of experimental 

conditions see Figure 4.7. Luminescing bubbles are marked with white dotted lines. Arrows indicate bubble 

reflections off the cell wall. 

Eex iav(mA) j (A cm-2) 
Bubble 

stability 
CCD images 

Streaking 

during 

seeding 

-4.0 V -1.0 -0.51 Stable 

 

Present 

-3.5 V -0.6 -0.31 Stable 

 

Present 

-3.0 V -0.2 -0.10 "Dancing" 

 

Present 

-2.8 V -0.1 -0.051 No SBSL - Present 

-2.5 V -0.09 -0.046 No SBSL - Absent 

 

It can be seen that at current densities where stable SBSL could be produced multiple big 

(max diameter of over 0.6 mm) gas bubbles were forming on the electrode. Bubble 

fragmentation visible on some images in Figure 4.7 (5.4, 7.6 and 8.6 s for bubble 

generated at +4 V, 5.6-9.6 s for bubble at +3.5 V) could also play a vital role in SBSL 

seeding. In conditions where "dancing" was observed medium (max diameter of 0.5 mm) 

sized bubbles were evolving on the electrode. At higher current densities small (max 

diameter of below 0.4 mm) sized bubbles were generated and no SBSL was detected.  
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The effect of current density on the SBSL event using oxygen bubble seeding was also 

investigated. The results of high speed imaging are presented in Figure 4.8. 
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Figure 4.8. Images of oxygen bubbles generated at a 0.5 mm diameter Pt electrode at variable electrode 

potential steps in an absence of sound field recorded using a HSC. Cell setup E contained 0.1 mol dm-3 

NaNO3 solution at 21.5 º C. The electrical potential was stepped from +0.5 V to +4V; +3.5 V; +3.2 V; +3.0 V 

vs. Ag at t=5 and back to +0.5 V at t=10.0 s. Selected images are shown with the appropriate time period on 

each frame. The high-speed images where recorded at 50 fps with a shutter speed of 1/4000 s. The lower 

section of the figure shows the chronoamperometry recorded simultaneously with the high-speed imaging 

data. Black bar on the images is the electrode. Note SBSL wasn’t run simultaneously with gas generation 

imaging (e.g. SBSL stability comments refer to the first part of this experiment). 

(4.0 V) 4.8 s 
0.5 mm 

5.0 s 5.2 s 5.4 s 5.6 s 

6.6 s 
 

7.6 s 8.6 s 9.6 s 10.6 s 

(3.5 V) 4.8 s 
0.5 mm 

5.0 s 5.2 s 5.4 s 5.6 s 

6.6 s 7.6 s 8.6 s 9.6 s 10.6 s 

(3.2 V) 4.8 s 

0.5 mm 

5.0 s 5.2 s 5.4 s 5.6 s 

6.6 s 7.6 s 8.6 s 9.6 s 10.6 s 

4.8 s (3.0 V) 
0.5 mm 

5.0 s 5.2 s 5.4 s 5.6 s 

6.6 s 7.6 s 8.6 s 9.6 s 10.6 s 
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SBSL results of experiments with oxygen are presented in Table 4.2. Stable SBSL was 

generated at the current densities above 0.27 A cm-2 (above the shaded area on 

chronoamperometry graph in Figure 4.8). "Dancing" SBSL was found to occur at current 

densities in the region of 0.27-0.19 A cm-2. No SBSL could be observed at current 

densities below 0.19 A cm-2. Streaking was present at current densities above 0.19 A cm-2. 

Table 4.2. Results of SBSL experiment run with oxygen bubbles generated on the 0.5 mm diameter Pt 

electrode at different current densities. Acoustic signal of 27.2483 kHz frequency was applied to the cell. 

Bubble was driven at zero-to-peak pressure amplitude of 1.43 atm. For further details of experimental 

conditions see Figure 4.8. Luminescing bubbles are marked with white dotted lines. Arrows indicate bubble 

reflections off the cell wall. 

Eex iav(mA) j (A cm-2) 
Bubble 

stability 

CCD 

images 

Streaking 

during seeding 

4.0 V 0.60 0.31 Stable 

 

Present 

3.5 V 0.55 0.28 Stable 

 

Present 

3.2 V 0.45 0.23 "Dancing" 

 

Present, weak 

3.0 V 0.35 0.18 No SBSL - Absent 

 

It was found that at higher current densities in the region of stable SBSL a single relatively 

big (max diameter over 0.6 mm) bubbles were forming on the electrode simultaneously 

with several much smaller (max diameter 0.18 mm) bubbles. In the region of "dancing" 

SBSL medium (max diameter about 0.5 mm) single bubble was formed on the electrode as 

well as clusters of much smaller (up to 0.1 mm diameter) bubbles. At lower current 

densities where no SBSL could be produced single bubble with a maximum diameter of 
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0.4 mm was evolving on the electrode surrounded by small (up to 0.1 mm in diameter) 

bubble groups. No fragmentation of the bubbles could be observed during this experiment. 

It is clear that there is a definite dependence of SBSL stability on current densities at which 

bubbles are generated on the electrode. To produce a stable and reproducible SBSL event 

during electrochemical experiments current densities of below -0.27 A cm-2 above +0.27 A 

cm-2 were needed for hydrogen and oxygen bubble generation respectively. However these 

results vary depending on experimental conditions and particularly electrode size. This 

could be illustrated by experimental results presented in Figure 4.9. 
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Figure 4.9. Chronoamperometry of hydrogen (a) and oxygen (b) bubble generation by different electrode 

potential steps on the 50 µm diameter Pt electrode in 3 mM KI in 97 mM Na2SO4 solution. Transducer was 

driven at a frequency of 27.105 kHz when SBSL event was seeded. For elecrochemical bubble generation 

potential was stepped from +0.4 V vs. Ag to appropriate potentials shown in figure legends. Solution height 

in cell setup C was 45 mm. Temperature of the solution was 24.0˚ C. 
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Figure 4.9 shows current-time traces recorded for the eSBSL generation experiments at 

different electrode potentials for the generation of the SBSL event. Current-time 

dependence for H2 bubble is presented in Figure 4.9(a). Bubble appeared to be stable and 

luminescing in the region below the shaded area e.g. at current densities below -5.1 A cm-2. 

In the shaded region (-0.3 to -5.1 A cm-2) "dancing" SBSL events could be generated but 

reproducibility was found to be a problem. No luminescing bubbles were observed at 

current densities above -0.3 A cm-2 (above the shaded region). Current-time dependence 

for O2 bubbles is presented in Figure 4.9 (b). A stable and reproducible SBSL was 

obtained at current densities above 7.1 A cm-2. In the shaded region (3.0 to 7.1 A cm-2) 

"dancing" SBSL events could be generated but reproducibility was found to be a problem. 

No luminescing bubbles were observed in the region below the shaded region (3.0 A cm-2). 

No streaking from the electrode towards the pressure antinode in the centre of the cell was 

present during the experiment. 

Comparison of the current densities needed to produce a stable SBSL event in experiments 

presented in Figures 4.7, 4.8 and 4.9 is shown in Table 4.3. 

Table 4.3. Comparison of minimum current densities required for the production of stable eSBSL event on 

different sized electrodes. 

 Hydrogen bubble Oxygen bubble 

50 µm diameter electrode -5.1 A cm-2 7.1 A cm-2 

0.5 mm diameter electrode -0.31 A cm-2 0.28 A cm-2 

 

It was found that in experiments with hydrogen 16.5 times higher current densities were 

needed for stable SBSL event generation on the microelectrode (50 µm diameter) than on 

macroelectrode (0.5 mm diameter). In case of oxygen bubble generation 25 times higher 

current density was required when working electrode was a microelectrode. This 

phenomenon could be related to the diffusion patterns typical for micro- and 

macroelectrodes (please refer back to Section 1.1.4.2.1). One of the other contribution 

factors could be the solution composition. Experiments with microelectrode were run in KI 

and Na2SO4 solution whereas macroelectrodes were used in NaNO3 solution. Hydrogen 

132 
 



Chapter 4 : High-speed imaging  

 
and oxygen gas generation sensitivity to the state of the electrode could also result in 

current density variation. This does show that experimental conditions have a major 

influence on the SBSL stability. 

In general during this project it was noted that SBSL seeded by electrochemical oxygen 

generation was overall much less stable and harder to generate compared to the one with 

hydrogen. One of the reasons for such phenomenon could be the fact that during 

electrochemical generation hydrogen bubbles were produced in clusters of big bubbles and 

had a tendency to fragment at lower current densities while oxygen bubbles were formed 

as single large bubble surrounded by a cloud of tiny bubbles. Another factor that should be 

taken into account is generated gas solubility in the surrounding liquid media. At room 

temperature hydrogen gas has a solubility of 1.6 mg H2 per kg H2O whereas oxygen 

solubility is around 40 mg O2 per kg H2O. Taking this into account oxygen bubbles are 

about 25 times more likely to dissolve into surrounding solution rather than moving 

towards the pressure antinode and creating a stable SBSL event compared to hydrogen 

bubbles. It should also be noted that two times the charge (i) is needed for the same rate of 

O2 gas generation with respect to H2 bubble generation. 

 

4.2.2 Bubble generation on the electrode in the presence of acoustic 
excitation 

Experiments to study the evolution of gas bubbles on the electrode at different times during 

SBSL generation were run. In these experiments conditions for stable SBSL were 

determined first. In the second part of the experiment conditions were recreated and 

electrochemical gas generation process was studied at the electrode in the presence of an 

active sound field using high-speed camera. Here high-speed imaging was triggered 

simultaneously with the start of the electrochemical bubble seeding. Electrode was 

positioned at a distance from the pressure antinode where SBSL event existed in the first 

part of the experiment. 

Results of such experiments with hydrogen are presented in Figure 4.10. Figure 4.10 row 

(a) represents bubble formation on the electrode. These bubbles grew steadily with a little 

fragmentation starting around 3.9 s. Bubble behaviour during the time electrode potential 

was held negative is shown on Figure 4.10 row (b). The bubbles were observed to move 
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around on the electrode surface over this time period. Some splitting into double or triple 

events and fragmentation of the bubbles were observed. The maximum bubble radius was 

in the region of 0.15 mm.  
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Figure 4.10. Images of hydrogen bubbles generated at a 0.25 mm diameter Pt electrode (McE) in the 

presence of sound field recorded using a HSC. Acoustic signal of 27.421 kHz and 1.2 atm zero-to-peak 

pressure amplitude at the centre of the cell was applied. Cell setup G contained 0.1 mol dm-3 NaNO3 solution 

at 23.5 º C. The electrical potential was stepped from +0.5 V to -4V vs. Ag at t=2 and back to +0.5 V at t=9.0 

s. Selected images are shown with the appropriate time period on each frame. The high-speed images where 

recorded at 112500 fps with an exposure time of 6.7 µs. The lower section of the figure shows the 

chronoamperometry recorded simultaneously with the high-speed imaging data. Sections (a)-(e) refer to the 

rows of high-speed images in the upper section of the figure. The scale of the image presented on 3.0 s frame 

represents 0.25 mm. 

3.0 s (a) 3.31 s 3.47 s 3.63 s 3.79 s 3.95 s 

5.78 s (b) 5.87 s 5.95 s 6.04 s 6. 13 s 6.22 s 

8.89 s (c) 8.98 s 9.07 s 9.15 s 9.24 s 9.33 s 

12.31 s (d) 12.34 s 12.36 s 12.39 s 12.42 s 12.44 s 

17.78 s (e) 17.81 s 17.85 s 17.88 s 17.92 s 17.95 s 
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Images of the bubbles during the potential step back to positive values are presented in 

Figure 4.10 sector (c). Clusters of bubbles were formed on the electrode with a cloud of 

tiny fragmented bubbles moving away from the electrode surface. The maximum bubble 

radius was in the region of 0.23 mm indicating some coalescence outgassing has occurred 

after electrochemical generation was terminated. Figure 4.10 row (d) represents bubble 

behaviour after the end of electrochemical activity. A single bubble with a maximum 

radius of 0.13 mm was observed. This bubble constantly changed in shape and size. Little 

fragmentation was observed. Images of the bubble further in time after the end of 

electrochemical activity are presented in Figure 4.10 row (e). There were signs that bubble 

was slowly dissolving into surrounding liquid as bubble radius was slowly decreasing (max 

0.09 mm at this point in time). Bubble was still changing in size and shape all the time. 

Summary of these results is presented in Table 4.4. 

Table 4.4. Summary of the experimental results of hydrogen bubble generation on the 0.25 mm diameter Pt 

electrode in the presence of acoustic sound field. For details of experimental conditions please refer to Figure 

4.10. 

Schematic 
     

Time/s 0-2.0 2.0-3.5 3.5-9.0 9.0-10.0 10.0-20.0 

Current 

density, 

 j/A cm-2 

0 (-0.05)-(-0.9) (-0.9)-(-1.0) (-1.0)-(+1.0) 0 

Observations 
No 

bubbles 

Small 

bubbles 

Bubbles 

collapsed 

vigorously, 

fragmentation 

Clusters of 

bubbles 

formed, 

fragmentation 

Bubble 

vibrated 

and 

decreased 

in size 

SBSL in 

identical 

conditions 

No No Present None None 

 

It could be noted that for stable SBSL event generation continual gas injection was needed. 

Another crucial factor influencing SBSL seeding was found to be constant fragmentation 

135 
 



Chapter 4 : High-speed imaging  

 
of the bubbles. Fragmentation is related to the bubble size and the frequency of the 

ultrasound applied. Mostly bubbles with the diameter in the order of magnitude next to the 

resonant size (117 µm in conditions presented) experienced fragmentation. 

Experiments were repeated with oxygen bubbles. The results from these experiments are 

shown in Figure 4.11. 
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Figure 4.11. Images of oxygen bubbles generated at a 0.25 mm diameter Pt electrode (McE) in the presence 

of sound field recorded using a HSC. Acoustic signal of 27.3156 kHz and 1.2 atm zero-to-peak pressure 

amplitude at the centre of the cell was applied. Cell setup G contained 0.1 mol dm-3 NaNO3 solution at 23.5 º 

C. The electrical potential was stepped from +0.5 V to +4V vs. Ag at t=2 and back to +0.5 V at t=9.5 s. 

Selected images are shown with the appropriate time period on each frame. The high-speed images where 

recorded at 112500 fps with an exposure time of 6.7 µs. The lower section of the figure shows the 

chronoamperometry recorded simultaneously with the high-speed imaging data. Sections (a)-(e) refer to the 

rows of high-speed images in the upper section of the figure. The scale of the image presented on 3.4 s frame 

represents 0.25 mm. 

(a) 3.40 s 3.55 s 3.64 s 3.73 s 3.82 s 3.91 s 

(b) 6.49 s 6.58 s 6.67 s 6.75 s 6.84 s 6.93 s 

(c) 9.24 s 9.33 s 9.42 s 9.51 s 9.60 s 9.69 s 

(d) 11.11 s 11.20 s 11.29 s 11.38 s 11.47 s 11.55 s 

(e) 16.89 s 16.92 s 16.96 s 16.99 s 17.03 s 17.07 s 
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Figure 4.11 row (a) represents the process of bubble formation on the electrode. Stable 

bubble growth was observed within time limit shown. No fragmentation could be detected 

at this point of the experiment. Bubble behaviour during the time electrode potential was 

held at +4.0 V vs. Pt is shown in Figure 4.11 row (b). The bubbles were found to be 

changing their shape slightly over this time period. The maximum bubble radius was in the 

region of 0.13 mm. Little fragmentation was observed. Figure 4.11 sector (c) shows 

images of the bubbles during the potential step back to 0.5 V vs. Pt. Clusters of bubbles on 

the electrode were observed. Maximum bubble radius was in the region of 0.14 mm. Some 

bubble fragmentation resulting in clouds of tiny bubbles off the electrode was observed 

during the electrochemical step. Figure 4.11 row (d) represents bubble behaviour during 

the time right after the end of electrochemical activity. Bubbles were found to split and 

formed big clusters that were changing in shape constantly. Maximum bubble radius was 

around 0.16 mm. 

Clouds of tiny fragmented bubbles could be observed off the electrode. Images of the 

bubble further in time after the end of electrochemistry are presented in Figure 4.11 row 

(e). Single bubble with a maximum radius of 0.13 mm was observed to change its shape 

and size. No fragmentation was observed. Bubble was found to slowly decrease in size 

until the end of experiment. 

Summary of these results is presented in Table 4.5. Stable SBSL could only be produced in 

the presence of continuous gas injection. Less fragmentation compared to the experiments 

with hydrogen was observed. However, fragmentation was still crucial for SBSL event 

seeding.  

It is clear that both hydrogen and oxygen had very similar bubble behaviour during 

electrochemical generation. However, the high-speed imaging showed that 

electrochemically generated oxygen bubbles tend to be smaller in size compared to 

hydrogen bubbles. Much stronger fragmentation of the bubble occurred when hydrogen 

bubbles were generated under the same conditions. These phenomena could help explain 

the difference in SBSL stability and reproducibility when seeding with hydrogen and 

oxygen as was already mentioned before. 
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Table 4.5. Summary of the experimental results of oxygen bubble generation on the 0.25 mm diameter Pt 

electrode in the presence of an acoustic sound field. For details of experimental conditions please refer to 

Figure 4.11. 

Schematic 

 
    

Time/s 0-2.0 2.0-4.5 4.5-9.5 9.5-11.5 11.5-20.0 

Current 

density, 

 j/A cm-2 

0 
0-

(+1.35) 
(+1.35)-(+1.0) (+1.0)-(-0.15) (-0.15)-(-0.05) 

Observations 
No 

bubbles 

Small 

bubbles 

Bubbles 

vibrated, little 

fragmentation 

Clusters of 

bubbles 

formed, 

fragmentation 

Bubble 

vibrated and 

decreased in 

size 

SBSL in 

identical 

conditions 

No No Present None None 

 

Bubbles generated on the electrode had a tendency to dissolve with time. In order to study 

this bubble lifetime was measured as a function of frequency and driving pressure. In these 

experiments conditions for stable SBSL were found experimentally first. Then either 

hydrogen or oxygen bubbles were generated on the electrode at various acoustic pressures 

around that needed for stable SBSL. High-speed photography was used to capture images 

for each bubble during its lifetime. Bubble diameter was measured and plotted against 

time.  

Figure 4.12 presents dissolution rates for hydrogen bubble. Stable SBSL could be 

generated at 27.3490 kHz frequency. Bubbles were dissolving into surrounding liquid the 

slowest at or close to the frequency of stable SBSL. Further from stable SBSL conditions 

bubble radius decreased faster. 
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Figure 4.12. Hydrogen bubble lifetime measurement on the electrode.  Experiment was run in a cell setup G 

in 0.1M NaNO3 solution. Hydrogen bubbles were generated on 0.25 mm diameter Pt electrode (McE). For 

bubble generation the potential was stepped from 0.5 V to -3 V vs. Ag. Bubbles were driven at an acoustic 

signal frequency shown in the insert. Temperature of the solution was 23.5˚C. 

Bubble dissolution rates were calculated and plotted against frequency and pressure at the 

pressure antinode where bubble would be generated. Please see Figure 4.13 for results.  
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Figure 4.13. Bubble dissolution rate measurements on the working electrode. Dependence of calculated 

bubble radius decrease rates for bubbles presented in Figure 4.12 on frequency and driving pressure is shown 

in (a). Plot (b) illustrates appropriate acoustic pressure at the antinode dependence on frequency applied. 

 

It can be seen that bubble dissolved the slowest at pressures of 0.9-1.0 atm at the point of 

SBSL generation. At higher pressures bubble radius tended to decrease faster. At pressures 

of 1.1 to 1.8 atm (1.1. to 1.6 atm were reported for stable SBSL generation as was 
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discussed before) bubbles were dissolving at about the same rate. However, it should be 

noted that in these experiments pressure measurement accuracy was affected by several 

factors. These would include liquid displacement leading to an acoustic field distribution 

changes, solution temperature fluctuation, hydrophone positioning accuracy etc.  

It should be stressed here that pressure measurements were taken at the pressure antinode 

around the centre of the cell. However, electrode, where bubble dissolution was observed, 

was positioned around the cell neck area. 

This is illustrated schematically in Figure 4.14. Hence bubble dissolution was actually 

observed at acoustic pressures lower than those reported. 

 
Figure 4.14. Schematic of the experimental setup and pressure distribution for the experiments where bubble 

dissolution on the electrode was studied. 

 

Experiment was repeated with oxygen. Results are presented in Figure 4.15. Stable SBSL 

could be generated when a frequency of 27.2610 kHz was applied to the cell. Same as in 

experiments with hydrogen the slowest decrease were found to have bubbles generated at 

or around the frequency of stable SBSL. At higher and lower frequencies bubbles 

dissolved much faster. 
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Figure 4.15. Oxygen bubble lifetime measurement on the electrode. Experiment was run in a cell setup G in 

0.1M NaNO3 solution. Oxygen bubbles were generated on 0.25 mm Pt electrode (McE). For bubble 

generation the potential was stepped from 0.5 V to +3 V vs. Ag. Bubbles were driven at an acoustic signal 

frequency shown in the insert. Temperature of the solution was 32˚C. 

Calculated rates of bubble diameter decrease are presented in Figure 4.14. The rates of 

oxygen bubble dissolution in the surrounding media are similar to those of hydrogen. 

Lowest values were obtained at driving pressures of 0.9 atm with a steady increase in rate 

at higher pressures. 
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Figure 4.16. Calculated bubble radius decrease rates for bubbles presented in Figure 4.15 depending on 

frequency (a) and driving pressure (b). 
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4.3 Conclusions and further work 

In this chapter series of experiments were run to look into bubble dynamics with the help 

of high speed imaging technique. 

Luminescent bubbles were found to stably oscillate radially as was expected. 

Reproducibility of SL bubble behaviour was studied. Reproducibility over time for 

experiments run under the same and different experimental conditions was found to be 

good. Driving pressure dependence stayed constant in all experiments.  It is hard to 

compare results of different experiments as even a slightest change in experimental 

conditions could influence SBSL drastically. On some of the images of luminescing 

bubbles shown there was no scale presented. It was found difficult to scale it against 

anything as positioning any object exactly at the point of SL bubble was found hard with 

apparatus used. Further work is needed to get over this problem. 

It was found that luminescing bubble can experience "dancing" behaviour. Several causes 

for occurrence of "dancing" SBSL were proposed. One of the possible reasons was 

previously described in the literature as salt solutions used for experiments. On the other 

hand dissolved gases in the solution could affect bubble stability. In our experiments strong 

light sources were used and those increased temperature of experimental liquids that 

definitely affects SBSL stability. As fragmentation was mostly observed at lower driving 

pressures we suggest that MBSL rather than SBSL could occur in those conditions at some 

points. Another possible reason for "dancing" SBSL could arise from electrochemical 

bubble generation. Focus was turned to investigation of electrochemically generated 

bubble behaviour using a help of high-speed camera. These experiments showed that under 

certain conditions eSBSL could be defined as "dancing". Further investigation of bubble 

generation and conditions under which “dancing” occurs would be a worthwhile extension 

to this work.  
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 Chapter: Time Correlated Single Photon Counting 
(TCSPC) 

 

 
In the detection of light emission from SBSL, it is important to note that this phenomena 

produces approximately 105 photons per flash [1, 2]. The most reliable results in SBSL 

emission lifetime measurements of  60 to 250 ps were provided by Gompf et al. [3]. These 

researchers were first to use TCSPC technique to register emitted light pulse width and 

shape. In TCSPC the time-to-amplitude converter (TAC) is triggered with a first photon 

from the SL pulse itself and stopped with a second photon from the same pulse. Because of 

the same statistical distribution of the start and stop pulses corresponding to the SL pulse 

shape the autocorrelation of the pulse shape is measured. The emission lifetime (e.g. pulse 

width) is calculated by analysing the full width at half maximum (FWHM) of the obtained 

pulse shape. The technique proved to be advantageous for SBSL characterisation [4, 5]. It 

has to be noted that results of these measurement are extremely dependent on experimental 

conditions as SBSL is very sensitive to experimental parameters.  

 

5.1 Initial detector tests 

One of the problems during the TCSPC experimental setup was the choice of the detector 

that would be able to detect an appropriate amount of SBSL light emitted photons. As will 

be demonstrated in the final sections of this chapter Hamamatsu PMTs were found to be 

suitable for the experiment while other single photon counting modules (specifically 

SensL) where not suitable. In order to illustrate the requirements for TCSPC, the detector 

to events distance and the detector size must be considered. In the SBSL experiment the 

detector was set at a distance of ca. 40 mm from the SBSL event (distance r in Figure 5.1). 

While the Hamamatsu PMT active detector (see Figure 5.1) diameter (d) was 8 mm. 
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Figure 5.1. Schematic diagram showing the position of photo detector relative to the SBSL event in the 

TCSPC experiment. Here ‘r’ is the distance from the luminescing bubble to the detector active area (ca. 40 

mm). The active diameter of the light sensitive sensor is marked as d. 
Under these conditions the number of photons hitting PMT’s active area during every flash 

was calculated using Equation 5.1. 

 
Equation 5.1 

2

2det 24






=

d
r

N
N em π

π  
Where Ndet is the number of photons per flash detected by the PMT, Nem is the number of 

photons per flash emitted by SBSL event, r is the distance from the luminescing bubble to 

the detector and d is the diameter of detector’s active area. This consideration allows the 

Ndet for the Hamamatsu PMT to be calculated at 250 photons per flash while the SensL 

system yields a Ndet value < 1 photons per flash. Clearly the PMT system is more suitable 

for TCSPC experiments. 

 

In experiments where arrangement with Hamamatsu PMT (see Figure 2.20 for detailed 

information) was used PMT response for the SBSL event light emission was found to be 

regular in time with the same period as the signal applied to the transducer. Please see 

Figure 5.2 for details.  

Luminescing 
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r 
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Figure 5.2. Photon counting experiment results.  PMT tube response is presented as black solid line. 

Amplified signal applied to the transducer is presented as dotted line. Scale bars represent time period for 

both signals. Hydrogen bubble was electrochemically generated on 50 μm platinum microelectrode in a glass 

cell setup J. Solution used was 0.1 M NaNO3. Acoustic signal of 27.9096 kHz was applied to the cell. 

Temperature of the solution was 22.2˚ C. 

 

Note the acoustic pressure at the SBSL event cannot be ascertained from the voltage signal 

produced by the amplifier. However, it is likely that there is a constant relationship 

between the acoustic pressure and the drive signal. 

 

5.2 Experiments using setup without amplifiers 

The TCSPC experiment was conducted using two different setups (please refer to Section 

2.9 for more detailed explanation). A schematic of setup ‘A’ used for first set of 

experiments is presented in Figure 5.3. 
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Figure 5.3. Schematic of the setup used in TCSPC experiments. 

 

The main distinction of this system was the absence of the amplifiers between PMTs and 

the B&H card. For more detailed description of the system please refer to the experimental 

section.  

 

In experiments run with this setup SBSL pulse was found to be nearly Gaussian in shape. 

Hence a Gaussian function fitting was used to process the raw data. Examples of raw and 

processed data are presented in Figure 5.4.  

Detailed overview of data processing is given below. For raw data smoothing Equation 5.2 

was used: 

 
Equation 5.2 

2

2

2
)(

)( x

x

c
bx

xeaxf
−

−

=  

Where the parameters ax, bx, cx where determined by curve fitting, and e ≈ 2.718281828 

(Euler's number). The parameter ax is the height of the Gaussian curve's peak, bx is the 

position of the centre of the peak, and cx controls the width of the "bell". All the 

calculations were done using an in-build program in the Sigmaplot program. 
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TCSPC 
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Figure 5.4 Plot showing the raw experimental output of the SBSL event from the TCSPC apparatus (▬, 

green). Gaussian function fitting of the pulse is also shown (▬, black). The data was acquired for a bubble 

produced by hydrogen generation from a 0.5 mm diameter Pt electrode.  The experiment was run in glass cell 

setup J containing 0.1 mol dm-3 NaNO3 solution. For bubble generation the potential was stepped from 0 V to 

-4 V vs. Pt.  The bubble was driven at a zero-to-peak pressure amplitude of 1.36 atm when an acoustic 

frequency of 27.1130 kHz was applied. Temperature of the solution was 23.7˚ C. The ‘lifetime’ of the SBSL 

event determined in this experimental setup was 398 ps. 

 

In order to calculate the full width at half maximum (FWHM) Equation 5.3 was employed. 

 
Equation 5.3 

2ln22 sFWHM σ=  

 

Where σs is the standard deviation. 

The error for FWHM was calculated using Equation 5.4. 
 

Equation 5.4 

constFWHM tss σ=  
 

Where sFWHM is standard error for FWHM, sσ is standard error for sσ  and tconst is a table 

constant at 95% confidence. In calculations t was taken to be 1.96 and sσ was calculated by 

the software employed.  
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The FWHM of the SBSL pulse presented in Figure 5.4 was found to be 398 ps (±3 ps). It 

can be seen that SBSL pulse was nearly Gaussian in shape with a slightly slower decrease 

at one side. This corresponds well to the literature reported results of TCSPC experiments 

on SBSL [3, 4, 6, 7]. Whether this side was the beginning or the end of the pulse cannot be 

decided from the experimental data alone, because of the symmetry of an autocorrelation 

function [3]. However, taking theories of bubble dynamics into account the asymmetry of 

the emitted light pulse could be attributed to the losses of the energy during the re-

expansion cycle of bubble oscillations [7]. 

 

The dependence of the SBSL pulse width and intensity on the frequency of the acoustic 

signal applied to the cell is shown in Figure 5.5. Note that in each case data was captured 

for a set period (3.34 ns in Figure 5.5) hence the height of the peak is directly related to the 

intensity of the emission. It can be seen that the pulse was the tallest and narrowest at the 

higher frequencies and tended to widen and shorten with frequency decrease. Bubbles were 

the brightest at high frequencies and dimmed as the cell was moved out of its resonant state 

as the frequency was varied. This can explain the change in the height of the peaks. The 

FWHM was shortest at the highest frequency and increased monotonically with decreasing 

frequency by nearly a factor of 2 from 403 to 822 ps. It has to be noted that fitting accuracy 

differed dramatically and was in a range of 2 ps and 14 ps at highest and lowest frequency 

respectively. 

 

It is clear from Figure 5.5 that even a small change in experimental conditions (3 Hz here) 

can have a dramatic effect on the SBSL system. 
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Figure 5.5. Plot showing the experimental (raw) (▬, green) and processed (▬, black) pulse shapes for same 

sonoluminescing bubble driven at different frequencies. Data was acquired during TCSPC experiment where 

frequency was changed. The frequency at which the experiment was run is presented in each frame 

respectively. The experiment was run with a 400 nm optical filter. Data was acquired for a hydrogen bubble 

generated on 0.5 mm diameter Pt electrode. Experiment was run in a glass cell setup J in 0.1M NaNO3 

solution. Argon was run through the solution for 15 minutes prior to degassing. For bubble generation the 

potential was stepped from 0 V to -4 V vs. Pt. The bubble was driven at a zero-to-peak pressure amplitude of 

1.41 atm in bubble 6 conditions. Temperature of the solution was 24.3˚ C. 

 

 

Dependence of FWHM on driving pressure is shown in Figure 5.6. In these experiments 

the pulse was the tallest and narrowest at the higher driving pressures and tended to widen 

and shorten with driving pressure decrease. SBSL pulse duration varied from 403 ps to 709 

ps. Fitting accuracy differed a lot and was in a range of 2 ps and 6 ps at highest and lowest 

driving pressure respectively. The bubble was most bright and stable at the highest driving 

pressure. 
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A clear dependence of the SBSL system on the smallest (0.01 atm) changes in 

experimental conditions can be clearly seen in Figure 5.6. 
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Figure 5.6. Plots showing the experimental (raw) data (▬, green) and processed (▬, black) for same 

sonoluminescing bubble driven at different zero-to-peak pressure amplitudes. The driving pressure for each 

experiment part is presented in frames respectively. Data was acquired for a hydrogen bubble generated on 

0.5 mm diameter Pt electrode. Experiment was run in a glass cell J in 0.1M NaNO3 solution. Argon was run 

through the solution for 15 minutes prior to degassing. 400 nm optical filter was used in the experiment. For 

bubble generation the potential was stepped from 0 V to -4 V vs. Pt. Bubble was generated when an acoustic 

signal of 27.0025 kHz frequency was applied to the cell. Zero-to-peak pressure amplitude in the cell at the 

point of bubble generation was 1.41atm and 1.43 atm in the conditions on the frame 1 and 6. Temperature of 

the solution was 24.3˚ C. 

 

Dependence of SBSL pulse length on driving pressure is presented in Figure 5.7. This 

experiment was run in conditions (see figure legends for more detailed information) 

different to the experiment shown in Figure 5.6 in order to check experimental results 

reproducibility. 
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Figure 5.7. Plots showing the experimental (raw) data (▬, green) and processed (▬, black) for same 

sonoluminescing bubble driven at different zero-to-peak pressure amplitudes. The driving pressure for each 

experiment part is presented in frames respectively. 400 nm optical filter was used in experiment. Data was 

acquired for an oxygen bubble generated on 0.5 mm Pt diameter electrode. Experiment was run in a glass cell 

setup J in 0.1M NaNO3 solution. For bubble generation the potential was stepped from 0 V to -4 V vs. Pt. 

Bubble was generated when an acoustic signal of 27.01 kHz frequency was applied to the cell. Zero-to-peak 

pressure amplitude in the cell at the point of bubble generation was 1.08 atm in conditions on frame 8. 

Temperature of the solution was 22.3˚ C. 

 

In general same (as in Figure 5.6) broadening of the pulse is observed with driving 

pressure decrease. The maximum FWHM was 772±31 ps at lowest driving pressure and 

minimum FWHM was 414±5 ps at highest driving pressure. 

 

The main difference between the results in the last two figures was the intensity of the 

SBSL pulse. Peak heights were ranging from a maximum of 300 counts on Figure 5.6 to a 
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maximum of about 30 counts on Figure 5.7. It was noticed in the experiments that 

brightest bubbles produced tallest and narrowest peaks. Brighter bubbles are easier to 

detect and hence more events get registered. It should be stressed that processing of short 

and broad peaks tend to give much bigger error ranges compared to the processing of tall 

and narrow ones. In the region, where SBSL bubbles are not stable, the pulse width varies 

and therefore FWHM of the events cannot be determined with the help of TCSPC. 

 

Several experiments were run to determine FWHM dependence on frequency and applied 

pressure for bubbles with different content. To test the dependence of SBSL pulse width on 

observed wavelength all the experiments were run with different optical filters.  

 

The results of the TCSPC experiment done with a 400 nm optical filter are presented in 

Figure 5.8. The SBSL pulse width here varied from 384 to 417 ps for hydrogen bubble and 

from 396 to 723 ps for oxygen bubbles when frequency was changed. In the experiments 

where driving pressure was alternated FWHM for hydrogen bubbles ranged from 419 to 

775 ps for hydrogen and from 485 to 612 ps for oxygen bubbles. The pulse width values 

are considerably more than literature reported values of 35-380 ps [3, 6]. It should be 

stressed though that a very different system to those reported in the literature was used in 

experiments presented here. As was mentioned before one of the major differences was the 

seeding method. During electrochemical seeding the initial composition of the bubble was 

known so experiments were a little bit more controllable. Another major difference to 

literature reported experiment is the fact that all experiments presented were run in 

electrolyte solution where salt could possibly interact with the gas bubbles. 

 

Another significant difference to literature reported results of TCSPC experiments was the 

back-proportional dependence of FWHM on the driving pressure and frequency. This 

could be attributed to the difference in the systems used. Alternately problem could arise 

from the system resonant state disruption. The system was tuned into a perfect state for 

generation of a bright and stable bubble. Changing experimental conditions ever so slightly 

led to less stable bubbles that also affected luminescence. One of the other possible reasons 

could be the fact that the TCSPC system used for these experiments was not perfect for the 

job and had to be driven at the maximum ability in order to detect the SBSL event. The 

system was later improved with the help of amplifiers. This setup will be looked at in more 

detail further in the discussion.  
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Figure 5.8. Dependence of 400 nm FWHM of the SBSL pulse width on frequency (graph (a)) and driving 

pressure (graph (b)) for oxygen and hydrogen bubbles. Experiment was run in a glass cell setup J in 0.1M 

NaNO3 solution on 0.5 mm diameter Pt electrode. For hydrogen bubble generation the potential was stepped 

from 0 V to -4 V vs. Pt and for oxygen bubble from 0 V to +4V vs. Pt. On graph (a) bubble was generated at 

a driving pressure of 50 V PTP for hydrogen and of 70.4 V PTP for oxygen. On graph (b) bubbles were 

generated when an acoustic signal of 27.113 kHz and 27.131 kHz frequency for hydrogen and oxygen 

respectively was applied to the cell. The pressure in the cell at the point of bubble generation was 1.37 atm. 

Temperature of the solution was 25.5˚ C. 

 

Reproducibility of the results over long periods of time (days in this case) was also 

examined. The experiment reported in Figure 5.8 was repeated. The results are presented 

in Figure 5.9. In this case SBSL pulse was in the range of 509 and 692 ps (frequency 
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varied) and 436 and 777 ps (driving pressure varied) for hydrogen bubbles. FWHM for 

oxygen bubbles varied from 440 to 732 ps (frequency varied) and from 414 to 772 ps 

(driving pressure varied). 
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Figure 5.9. Dependence of 400 nm FWHM of the SBSL pulse width on frequency (graph (a)) and driving 

pressure (graph (b)) for oxygen and hydrogen bubbles.  Experiment was run in a glass cell setup J in 0.1M 

NaNO3 solution on 0.5 mm diameter Pt electrode. For hydrogen bubble generation the potential was stepped 

from 0 V to -4 V vs. Pt and for oxygen bubble from 0 V to +4V vs. Pt. On graph (a) bubble was generated at 

a driving pressure of 28.4 V PTP for hydrogen and of 30.6 V PTP for oxygen. On graph (b) bubbles were 

generated when an acoustic signal of 27.008 kHz and 27.010 kHz frequency for hydrogen and oxygen 

respectively was applied to the cell. The pressure in the cell at the point of bubble generation was 1.085 atm. 

Temperature of the solution was 22.3˚ C. 

 
Comparing the results of same experiments done on different days it can be seen that 

FWHM dependence on frequency and driving pressure was always inversely proportional. 
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It should be noted that in experiment presented in Figure 5.8 bubbles had to be driven 

twice as hard as the bubbles in the experiment presented in Figure 5.9. This could be due 

to a slight change in experimental conditions (such as temperature for example) that could 

not be controlled with the apparatus used. It can be seen that SBSL pulse width values 

were reproducible for hydrogen bubble in experiments where driving pressure was 

changed and for oxygen bubble in all experiments. For hydrogen bubble at variable 

frequency the FWHM meanings was about 1.25 to 1.75 times bigger in first (Figure 5.8) 

experiment than in second experiment (Figure 5.9).  

 

Experiments where wavelength dependence of FWHM was investigated were run. Results 

of such experiment run with 500 nm filter are presented in Figure 5.10. Pulse width for 

hydrogen bubbles ranged from 426 to 598 ps depending on driving pressure applied and 

from 459 to 633 ps depending on frequency. FWHM for oxygen bubbles increased from 

509 to 749 ps in experiments where driving pressure was varied and from 372 to 584 ps 

when frequency was altered. 
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Figure 5.10. Dependence of 500 nm FWHM of the SBSL pulse width on frequency (graph (a)) and driving 

pressure (graph (b)) for oxygen and hydrogen bubbles. Experiment was run in a glass cell setup J in 0.1M 

NaNO3 solution on 0.5 mm diameter Pt electrode. For hydrogen bubble generation the potential was stepped 

from 0 V to -4 V vs. Pt and for oxygen bubble from 0 V to +4V vs. Pt. On graph (a) bubble was generated at 

a driving pressure of 53.6 V PTP for hydrogen and of 53 V PTP for oxygen. On graph (b) bubbles were 

generated when an acoustic signal of 27.113 kHz and 27.131 kHz frequency for hydrogen and oxygen 

respectively was applied to the cell. The pressure in the cell at the point of bubble generation was 1.37 atm. 

Temperature of the solution was 24.7˚ C. 

 

SL pulse width was found to be in the same range over the whole series of bubble content 

and experimental conditions when results of experiments with 400 nm and 500 nm optical 
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filters were compared. It is consistent with literature reported results [4, 6, 8]. Same back-

proportional dependence of FWHM of driving pressure and frequency as in experiments 

with 400 nm filters was seen. The results in Figure 5.10 are more comparable to the ones 

in Figure 5.8 than in Figure 5.9 probably due to the fact that experimental conditions were 

similar in the first two. 

 

Experiments were repeated with neutral density filter. The results of such experiment are 

shown in Figure 5.11.  
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Figure 5.11. Dependence of FWHM of the SBSL pulse width on frequency (graph (a)) and driving pressure 

(graph (b)) for oxygen and hydrogen bubbles. Neutral density filter with 3.125 % transmittance was used in 

front of a PMT. Experiment was run in a glass cell setup J in 0.1M NaNO3 solution on 0.5 mm diameter Pt 

electrode. For hydrogen bubble generation the potential was stepped from 0 V to -4 V vs. Pt and for oxygen 

bubbles from 0 V to +4V vs. Pt. On graph (a) bubble was generated at a driving pressure of 34.6 V PTP for 

both hydrogen and oxygen. On graph (b) bubble were generated when an acoustic signal of 27.048 kHz was 

applied to the cell. The pressure in the cell at the point of bubble generation was 1.09 atm. Temperature of 

the solution was 24.3˚ C. 
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FWHM for hydrogen bubbles was found to be in the range of 532 to 584 ps and from 690 

to 907 ps frequency and driving pressure dependant respectively. Oxygen bubble pulse 

width was in the range of 631-723 ps in experiments where frequency was alternated. The 

results of experiments where frequency was changed were found to be comparable to the 

results of same experiments run with 400 nm and 500 nm filters. At the same time 

hydrogen bubble FWHM was much higher compared to a maximum of 777 ps in 

experiments with other filters. It should be noted that in this experiments pulse width was 

in direct proportion to the driving pressure. One of the possible reasons is the fact that the 

experiment was started at the point where SBSL maximum was not found and conditions 

were tweaked towards more intense SBSL bubbles. 

 

Series of TCSPC experiments where solution was initially saturated with argon were 

performed. This was done to investigate trace noble gas content influence on SL pulse 

width. Results of such experiment run with 400 nm optical filter are presented in Figure 

5.12.  
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Figure 5.12. Dependence of 400 nm FWHM of the SBSL pulse width on frequency (graph (a)) and driving 

pressure (graph (b)) for oxygen and hydrogen bubbles. Experiment was run in a glass cell setup J in 0.1M 

NaNO3 solution on 0.5 mm diameter Pt electrode. Argon was run through the solution for 15 minutes prior to 

degassing. For hydrogen bubble generation the potential was stepped from 0 V to -4 V vs. Pt and for oxygen 

bubble from 0 V to +4V vs. Pt. On graph (a) bubble was generated at a driving pressure of 97.8 V PTP for 

hydrogen and of 102 V PTP for oxygen. On graph (b) bubbles were generated when an acoustic signal of 

27.0025 kHz frequency for both hydrogen and oxygen was applied to the cell. The pressure in the cell at the 

point of bubble generation was 1.42 atm. Temperature of the solution was 25.0˚ C. 

 

Pulse width of hydrogen bubbles was found to be in a range of 403 to 709 ps in 

experiments where driving pressure was varied and 403 to 823 ps where frequency was 

varied. For oxygen bubbles the numbers were 485 to 815 ps and 450 to 841 ps 
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respectively. Comparing these results to the results of the experiments done in the absence 

of noble gas it can be seen that in general the lowest pulse width range was the same for all 

the bubbles. However, in general in experiments with argon both oxygen and hydrogen 

bubbles had on average 100 to 150 ps higher maximum FWHM compared to those run 

without argon presence. It should be noted that bubbles in the presence of noble gas were 

brighter (could easily be seen with naked eye) and gave much clearer results (see Figure 

5.8 and 5.12). Results of this experiment correspond well to literature reported noble gas 

effect on SBSL [6, 9, 10] with an exception of pulse width being inversely proportional of 

driving pressure and frequency. 
 

Argon experiments were repeated with neutral density filter. Results are shown in Figure 

5.13.  
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Figure 5.13. Dependence of FWHM of the SBSL pulse width on frequency (graph (a)) and driving pressure 

(graph (b)) for oxygen and hydrogen bubbles. Neutral density filter with 3.125 % transmittance was used in 

front of a PMT. Argon was run through the solution for 15 minutes prior to degassing. Experiment was run in 

a glass cell setup J in 0.1M NaNO3 solution on 0.5 mm diameter Pt electrode. For hydrogen bubble 

generation the potential was stepped from 0 V to -4 V vs. Pt and for oxygen bubble from 0 V to +4V vs. Pt. 

On graph (a) bubble was generated at a driving pressure of 24 V PTP for hydrogen and 25 V PTP for oxygen. 

On graph (b) bubble were generated when an acoustic signal of 26.9923 kHz and 27.0170 kHz for hydrogen 

and oxygen respectively was applied to the cell. The pressure in the cell at the point of bubble generation was 

1.42 atm. Temperature of the solution was 22.3˚ C. 

 

For hydrogen bubbles pulse width was found to be 525-617 ps at different driving 

pressures and 473-638 ps at various frequencies. Oxygen bubbles FWHM ranged from 367 

to 459 and 499 to 833 ps in experiments where driving pressure and frequency were 

alternated respectively. Comparing the results to the experimental results in Figure 5.12 it 
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can be seen that for hydrogen bubbles FWHM values had a smaller range but were 

consistent in general. At the same time oxygen bubbles had similar pulse widths in 

experiments where frequency was changed. At varying driving pressures oxygen bubbles 

had up to 2.22 times lower FWHM in experiments with neutral density filter than in 

experiments with 400 nm filter. 

 

Looking into results of these experiments run with and without the presence of noble gas it 

can be noted that at different frequencies bubbles with argon presence had much broader 

range of FWHM. The lowest values were up to 130 ps smaller and highest values were up 

to 160 ps bigger. This again could be attributed to the fact that in experiments with noble 

gas bubbles tend to be much brighter and intense. For hydrogen bubble at various driving 

pressures pulse width were up to 1.72 times lower for bubbles without argon. This result is 

not literature consistent [3, 4] and experiments should be repeated in order to give clear 

constant dependence. 

 

Reproducibility of most experiments was tested over short periods of time (hours). In 

Figure 5.14 an example of such experiments run is close to identical conditions is shown.  
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Figure 5.14. Reproducibility for hydrogen and oxygen bubbles on the same day. Dependence of FWHM of 

the SBSL pulse width on frequency for oxygen (graph (a)) and hydrogen (graph (b)) bubbles is presented. 

Neutral density filter with 3.125 % transmittance was used in front of a PMT. Experiment was run in a glass 

cell setup J in 0.1M NaNO3 solution on 0.5 mm Pt electrode. Argon was run through the solution during 

experiment presented on graph (b). For hydrogen bubble generation the potential was stepped from 0 V to -4 

V vs. Pt and for oxygen bubble from 0 V to +4V vs. Pt. On graph (a) both bubbles were generated at a driving 

pressure of 34.6 V PTP. On graph (b) both bubbles were generated at a driving pressure of 24.0 V PTP. The 

pressure in the cell at the point of bubble generation was 1.09 atm in experiment (a) and 1.42 atm in 

experiment (b). Temperature of the solution was 24.3˚ C and 22.3˚ C for graph (a) and (b) respectively. 
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The values of FWHM were mostly in the same range in both experiments (a) and (b). It 

should be noted that the results had some differences even in similar conditions. In both 

experiments (a) and (b) in Figure 5.14 one of the bubbles had the directly proportional and 

another had inversely proportional dependence of pulse width on frequency. This could be 

explained by the slightest changes in experimental conditions that were uncontrollable. 

 

The summary of TCSPC experimental results is presented in Table 5.1 below. 

 
Table 5.1. Summary of the TCSPC experiments results with apparatus without amplifiers. 

Hydrogen bubbles 
Driving pressure 

varied 
Frequency varied 

400 nm filter 1 experiment 420-780 ps 400-420 ps 

400 nm filter 2 experiment 440-780 ps 510-690 ps 

500 nm filter 430-600 ps 460-630 ps 

Neutral density filter 690-910 ps 530-580 ps 

400 nm filter + argon 400-710 ps 400-820 ps 

Neutral density filter + 

argon 
530-620 ps 470-640 ps 

Oxygen bubbles 
Driving pressure 

varied 
Frequency varied 

400 nm filter 1 experiment 490-610 ps 400-720 ps 

400 nm filter 2 experiment 410-770 ps 440-730 ps 

500 nm filter 510-750 ps 370-580 ps 

Neutral density filter ― 630-720 ps 

400 nm filter + argon 490-820 ps 450-840 ps 

Neutral density filter + 

argon 
370-460ps 500-880 ps 

 

It should be noted that oxygen seeded bubbles had to be driven harder compared to 

hydrogen seeded bubbles in most of experiments. 
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5.3 Experiments using setup with amplifiers 

As was already mentioned before in the initial TCSPC experiments the system had to be 

driven at the maximum ability for SBSL detection. In order to improve the performance of 

equipment amplifiers were added to the system see Figure 5.15 for schematic of the 

experimental rig employed. The amplifiers were especially designed for PMTs used and 

had a fixed gain of 26dB. In this case the PMT gain did not have to be so high in order for 

the TCSPC system to register the SBSL event. 

 

 
Figure 5.15. Schematic of the setup used during TCSPC experiments when amplifiers were added for PMTs. 

 

An experiment was run with oxygen and hydrogen bubbles in different conditions. The 

results are presented in Figure 5.16. SL pulse for hydrogen bubbles varied from 290 to 307 

ps. Oxygen bubbles produced FWHM values of 290 to 310 ps. The range and the values of 

SL pulse obtained are similar to literature reported ones [3, 4, 7].  

 

DC supply 

TCSPC card 

PMT 1 

PMT 2 

Filter ring 

Amplifier 

Amplifier 

163 
 



Chapter 5 : TCSPC  
 

Frequency/kHz
27.0088 27.0092 27.0096 27.0100 27.0104

FW
H

M
/p

s

285

290

295

300

305

310

315

Bubble 1
Bubble 2
Bubble 3
Bubble 4

Bubble 5
Bubble 6

Bubble 7

 
Figure 5.16. Dependence of FWHM of the SBSL pulse width on frequency for oxygen and hydrogen 

bubbles.  Experiment was run in a glass cell setup J in 0.1M NaNO3 solution on 0.5 mm diameter Pt 

electrode. For hydrogen bubble generation the potential was stepped from 0 V to -4 V vs. Pt and for oxygen 

bubble from 0 V to +4V vs. Pt. Bubbles 1, 3, 4 and 5 are hydrogen and 2, 6, 7 are oxygen. Measurements for 

bubbles 5 to 7 were done with a 500 nm optical filter in front of PMT and for bubbles 1 to 4 were done 

without filters. The pressure in the cell at the point of bubble generation was 1.009 atm in bubble 1-4 

conditions and 1.23 atm in bubble 5-7 conditions. Temperature of the solution was 21.2˚ C. 

 

It can be seen that addition of the amplifiers benefits the efficiency of the experimental 

system. Further experiments are needed to get clear and reproducible results. 

 

5.4 Conclusions and further work 

 
In this chapter TCSPC technique has been used in order to measure SBSL emitted light 

pulse width. 

 

Overall it was found that SL pulse width for both hydrogen and oxygen seeded 

luminescent bubbles was generally higher than literature reported. However, the results of 

experiments run were mostly consistent over time. Pulse width dependence on wavelength 

was found to be consistent with literature reported observations [8].Opposite to literature 

results [3, 4, 6] in most experiments presented here FWHM was inversely proportional to 

frequency and driving pressure. Variation of the literature reported and practical results 

could be attributed to the differences of the experimental systems used. 
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Some improvements to the TCSPC apparatus lead to increase in system efficiency hence 

registered FWHM values were in the order of literature reported ones. 

 

Further measurements of SL pulse width in various conditions using an improved 

apparatus would be a worthwhile extension to this work. 
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 Chapter 6: Mass-spectrometry 

 

It is known that SBSL is extremely sensitive to a variety of experimental parameters 

such as acoustic pressure distribution, ambient temperature, liquid media origin and 

concentration, presence of impurities and inhomogeneities, dissolved gas nature and 

concentration. In this chapter we will concentrate on the latter. Successful SBSL event 

generation was reported in the liquids with gas content ranging from 1% to air-

saturation levels [1, 2]. Noble gas is thought to play vital role in SBSL generation. The 

values of 0.2% to 1% for noble gas content were reported essential for stable SBSL 

seeding [3, 4]. Noble gas doping was declared to increase the intensity of light emission 

[3, 5]. However, SBSL was also reported in an absence of noble gas from oxygen, 

nitrogen and hydrogen [6-8]. In the experiments presented in this project the solution 

was degassed prior to the SBSL seeding. This raises a justified question of what is 

actually left in the solution after degassing. Mass-spectrometry analysis was used to 

determine the contents of the liquid media at various times during the SBSL seeding 

experiments. The results of these investigations are presented below. 

Initially in these experiments tests were run in air-saturated solution. Next solution was 

saturated with Ar. Degassing procedure was performed afterwards, followed by solution 

saturation with Ar. MS scan was run and SBSL seeding was attempted at all of these 

stages. 

Figure 6.1 shows the results of analysis of the solution contents done in an air-saturated 

solution. It can clearly be seen on the spectrum in Figure 6.1 that the peaks for CO2 

(m/z = 44), Ar (m/z = 40), O2 (m/z = 32), CO and N2 (both m/z = 28) are present on the 

mass-spectrum. However, the height of the peaks is not proportional to the air content of 

these gases due to different solubility of these gases in water and different sensitivity of 

the apparatus to particular species. It should be noted that species with m/z of 29 and 30 

(peaks marked with X in Figure 6.1) could not be specifically identified. These peaks 

could possibly arise from isotopes of N2 (14N /15N (m/z =29) and 15N (m/z = 30)) or 
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from products of NaNO3, epoxy or other materials breakup. SBSL event seeding was 

unsuccessful in these experimental conditions. This was as expected as stable SBSL can 

usually be seeded in the liquid with gas content of 1- 50 % [1, 4, 9, 10]. 
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Figure 6.1. Total ion current mass-spectrum of an air saturated 0.1 M NaNO3 solution at 25.10 C. The 

experiment was performed at a pressure of 53.7 µTorr.  

Following this solution was saturated with Ar (~15 minutes). Figure 6.2 represents gas 

content variation in the liquid as a function of time (a) and final gas levels (b). It can be 

seen in Figure 6.2 (a) that Ar level was growing rapidly when Ar gas was bubbling 

through solution. Interestingly, nitrogen/carbon monoxide content was also increasing 

with time. Reduction in gas concentrations at ~131 s (point A in Figure 6.2 (a)) was 

caused by sudden pressure drop within the mass-spectrometry system (pressure was 

57.1 µTorr at point A). It can be seen in Figure 6.2 (b) that oxygen content had stayed 

roughly the same, CO2 content had reduced, nitrogen/carbon monoxide and argon 

content had increased compared to the composition of air saturated solution (Figure 

6.1). 
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Figure 6.2. Mass-spectrograms of the solution of 0.1 M NaNO3 at 25.10 C during the saturation with Ar. 

Plot (a) represents selected ion monitoring (N2+CO, Ar, O2 and CO2) with time. Scan was started at 54.0 

µTorr and ended at 56.4 µTorr. Total ion current of the solution at 56.2 µTorr is given in (b).  

However, it should be noted that these experiments were done at different pressures. 

SBSL event seeding was unsuccessful in these conditions, as gas concentration of the 

solution was still high. At the same time continuous streaking of gas towards the 

pressure antinode was observed. Please see an example in Figure 6.3. 
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Figure 6.3. Image of hydrogen gas streaking (circled with white dotted line) from the electrode towards 

the pressure antinode taken in non-degassed Ar saturated solution in mass-spectrometry experiments  

Solution used was 0.1 M NaNO3 at 25.1o C. Hydrogen gas was generated electrochemically by the 

potential step technique on the 0.5 mm diameter platinum electrode (McE) in the cell setup I. The 

potential was stepped from 1 V to -4 V vs. Pt. An acoustic signal of 26.45 kHz was applied to the cell.  

Note other bright spots on the image are reflections off the glass. Image stacker software was used to 

create this image. 

Solution was degassed for ~ 15 minutes in the next step. Gas content variation in the 

solution as a function of time is given in Figure 6.4 (a) and final gas levels in Figure 

6.4 (b). Please note, that Ar levels in Figure 6.4 (a) at the beginning of the experiment 

are lower than those in Figure 6.2 (b) because most of Ar was used in the last SBSL 

seeding experiment. It can be seen in Figure 6.4 that Ar levels in the solution have 

decreased massively during the degassing procedure. However, even after degassing 

argon was still present in the solution in noticeable amount. This raises the question 

whether this argon content is actually high enough to affect SBSL. As was already 

mentioned before two kinds of SBSL bubble behaviour were observed: stable for 

prolonged periods of time and stable but fading away with time (Chapter 3). It is 

thought that in case of insufficient degassing left behind Ar produced long-term stable 

SBSL events. Sufficient degassing is thought to lead to SBSL from pure hydrogen or 

oxygen bubbles that were fading away as contents were used in chemical reactions and 

diffused away from the bubble. Further experiments would be needed to determine 

bubble contents.  
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Figure 6.4. Mass-spectrograms of the solution of 0.1 M NaNO3 at 26.50 C during the degassing 

procedure (a) and after it (b). Plot (a) represents selected ion monitoring (N2+CO, Ar, O2 and CO2) with 

time. Scan was run at 56.0 µTorr. Total ion current of the solution at 47.3 µTorr is given in (b).  

It should be noted here that some researchers had degassed experimental liquid for 

many hours or even days at a time to remove any residue noble gas [11-13]. On the 

other hand, levels of other gases (N2+CO, O2 and CO2) did not reduce appropriately 

during degassing procedure. This phenomenon is assumed to be due to possible 

outgassing of the membranes, epoxy or walls of the system where residual gas could 

have been caught up.  

In these conditions generated SBSL event was not very stable and displayed “dancing” 

behaviour. In addition streaking from the electrode was visible. All these observations 
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were attributed to insufficient degassing. Figure 6.5 shows image of SBSL event 

generated in these conditions. 

 
Figure 6.5. Image of stable luminescing bubble (circled with white dotted line) in 0.1 M NaNO3 solution 

at 26.5o C taken after first degassing procedure in mass-spectrometry experiments. SBSL event was 

seeded electrochemically with hydrogen gas on the 0.5 mm diameter platinum electrode (McE) in the cell 

setup I.  Hydrogen was generated by the potential step technique. The potential was stepped from 1 V to -

4 V vs. Pt. An acoustic signal of 26.45 kHz was applied to the cell.  Note other bright spots on the image 

are reflections off the glass. Image stacker software was used to create this image. 

Solution was degassed for further ~15 minutes next. Mass-spectrum taken at the end of 

this procedure is presented in Figure 6.6. As a result of further degassing O2, CO2 and 

N2+CO levels have reduced roughly two-fold whereas Ar content got ~10 times lower 

than in Figure 6.4. 
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Figure 6.6. Total ion current of 0.1 M NaNO3 solution at 26.50 C and 44.3 µTorr  after second degassing 

procedure. 
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A stable and bright SBSL event that was fading away with time could be generated in 

these conditions. Please see Figure 6.7 for an example of SBSL event produced. 

 
Figure 6.7. Image of stable luminescing bubble (circled with white dotted line) in 0.1 M NaNO3 solution 

at 26.5o C taken after second degassing procedure in mass-spectrometry experiments. SBSL event was 

seeded electrochemically with hydrogen gas on the 0.5 mm diameter platinum electrode (McE) in the cell 

setup I.  Hydrogen was generated by the potential step technique. The potential was stepped from 1 V to -

4 V vs. Pt. An acoustic signal of 26.49 kHz was applied to the cell.  Note other bright spots on the image 

are reflections off the glass. Image stacker software was used to create this image. 

It should be noted that SBSL event was positioned off the centre of the cell, e.g. away 

from the expected pressure antinode. 

In the next part of the experiment solution was once again saturated with Ar (~20 

minutes). Figure 6.8 presents mass-spectrum of the solution in these conditions. 
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Figure 6.8. Total ion current  of 0.1 M NaNO3 solution at 26.50 C and 39.2 µTorr during the saturation 

with Ar. 
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An increase in all gases content (especially argon) could be observed compared to the 

degassed solution. However, in these conditions SBSL seeding was successful. Figure 

6.9 presents image of produced SBSL event. Generated SL bubble was bright, stable for 

prolonged periods of time and bright but tended to “dance”. 

 
Figure 6.9. Image of stable luminescing bubble (circled with white dotted line) in 0.1 M NaNO3 solution 

at 26.5o C taken after second Ar saturation procedure in mass-spectrometry experiments. SBSL event was 

seeded electrochemically with hydrogen gas on the 0.5 mm diameter platinum electrode (McE) in the cell 

setup I.  Hydrogen was generated by the potential step technique. The potential was stepped from 1 V to -

4 V vs. Pt. An acoustic signal of 26.45 kHz was applied to the cell.  Note other bright spots on the image 

are reflections off the glass. Image stacker software was used to create this image. 

6.1 Results 

Summary of the results of mass-spectrometric experiments is presented in Table 6.1. It 

can be seen from the results table that SBSL stability in space is indeed affected by 

overall solution gas content and can only be achieved at lower gas concentrations. 

Noble gas presence was found to have high influence on SBSL events generated. At 

higher Ar levels SL bubbles were stable for relatively long time periods whereas at 

lower Ar levels bubbles tended to fade away with time. This corroborates well with the 

theory that latter bubbles are composed of hydrogen that gets consumed during the 

event. Interestingly, in experiments presented in this Chapter degassing procedure of 

time period applied affected Ar gas the most whereas content of other gases was 

reduced relatively little. This was attributed to outgassing of the apparatus. 
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Table 6.1. Relative intensity of the peaks of various gases on solution mass-spectrum and SBSL seeding 

results at different experimental conditions. 

 N2+CO X O2 Ar CO2 SBSL 

m/z 28 29/30 32 40 44 - 

Air 

saturated 

solution 

2.4x10-7 5x10-8/3.2x10-8 5.4x10-7 1.2x10-7 5.1x10-7 None 

Ar 

saturated 

solution 

3.9x10-7 4.2x10-8/2.6x10-8 5.5x10-7 1.2x10-6 3.9x10-7 

None. Gas 

streaking 

is present 

Degassed 

solution 
1.6x10-7 3.2x10-8/2x10-8 4.1x10-7 1.3x10-8 2.9x10-7 

Not stable, 

“dancing”. 

Gas 

streaking 

is present 

Degassed 

solution 

2 

1.1x10-7 2.5x10-8/1.6x10-8 2.7x10-7 2.9x10-9 1.9x10-7 

Bright, 

stable in 

position, 

fading 

with time 

Ar 

saturated 

solution 

2 

2.9x10-7 3.1x10-8/1.9x10-8 3x10-7 1.4x10-6 3x10-7 

Bright, 

stable with 

time, 

“dancing” 

 

6.2 Conclusion 

Initial measurements of gas content inside the experimental liquid were presented in this 

chapter. Results are in good agreement with literature reported statements such as noble 

gas and overall gas content of the liquid influence on SBSL event.  

It was shown that pure hydrogen SBSL can be produced electrochemically given that 

experimental conditions satisfy certain parameters. 

175 
 



Chapter 6 : Mass-spectrometry  
 

Some problems with the experimental apparatus such as outgassing that affected the 

mass-spectrometry results were determined. More work is needed to overcome these 

difficulties. 

Further work could concentrate on experimental parameters (temperature, pressure etc.) 

influence on solution gas content and solution analysis at SBSL with various gases. 
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 Chapter 7: SBSL luminescence measurements 
 

 
Spectrometric measurements of emitted light are commonly used to gain insight into the 

chemical composition and physical conditions inside the SBSL event. A typical emission 

spectrum of SBSL in water or water based solution is featureless and ranges from above 

700 nm to below 200 nm with higher intensity in the UV area [1-4]. Spectrum maximum 

ranges from 200 nm to 340 nm for noble gas SBSL depending on gas nature and 

concentration [5, 6]; 240-280 nm for SBSL seeded with air [3, 4]. For SBSL from 

hydrogen emission spectrum is significantly red-shifted compared to SBSL from noble gas 

and produces maximum intensity at about 400 nm [7]. It has been previously stated in the 

literature that SBSL from pure oxygen is impossible to obtain, as all oxygen would 

undergo chemical reactions under the conditions of SBSL and dissolve into water 

immediately [7-9]. Typical SBSL spectrum fits well to the Planck’s blackbody radiation 

formula [1, 7]. It should be noted that results of SBSL spectral measurements are 

extremely dependent on the conditions employed as SBSL is very sensitive to changes in 

experimental parameters [5].  

In the work presented, spectral emission experiments were conducted using a setup with 

two different image intensifier systems (please refer to Section 2.10 for more detailed 

explanation). Results of these experiments will be discussed in detail in this chapter. 

 

7.1 PI-MAX System 

The main distinction of this system was the use of standard PI-MAX camera with F-mount 

adaptor and ST-133 controller with PTG. Due to used apparatus sensitivity obtained results 

of below 296 nm could not be considered valid. 

The data processing steps during which a raw SBSL spectrum obtained in the experiment 

was transformed into its final form are illustrated in Figure 7.1. The raw SBSL spectrum 

collected by the apparatus used is given in Figure 7.1 (a). An SBSL spectrum in Figure 7.1 

(b) is shown after the background spectrum (when no light enters the spectrometer) 
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subtraction. Wavelength and intensity calibrated final spectrum is presented in Figure 7.1 

(c). 
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Figure 7.1. Illustration of spectrometric data processing.  Raw SBSL spectrum is presented on plot (a). SBSL 

spectrum after the dark trace subtraction is given in (b). Final  intensity and wavelength calibrated SBSL 

spectrum is presented on plot (c). The acquisition time was 200 s. The data was acquired for a bubble 

produced by hydrogen generation from a 50 μm diameter Pt electrode (NE).  The experiment was run in 

quartz cell setup E containing 0.1 mol dm-3 NaNO3 solution at 52 mm height. For bubble generation the 

potential was stepped from 0 V to -3 V vs. Ag. The bubble was driven at a zero-to-peak pressure amplitude of 

1.36 atm when an acoustic frequency of 26.729 kHz was applied. Temperature of the solution was 17˚ C. 

 

It should be noted that because absolute calibration is hard to attain (as stated in private 

conversation by Richard Brownsword from RAL due to efficiency of light collection, light 

transmission, light delivery into the spectrometer, grating efficiency, CCD efficiency) the 

spectrometer response is given as a flux of photons per unit area per unit time (θ), thus 
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useful information is contained only in the shape of SL final spectra and in their relative 

spectral intensities. 

The spikes on the final spectrum are attributed to noise from the spectrometer. The 

decrease of spectral intensity below 300 nm is attributed to low spectrometer and fibre 

sensitivity as well as increased absorption of emitted material by solution as well as the 

SBSL event itself. All spectra obtained using this type of apparatus were characterized by a 

lack of apparent emission lines, which corresponds well with literature results [7, 10]. 

 

7.1.1 Hydrogen seeded SBSL 

Typical results of the spectral experiments with H2 electrochemically generated 

luminescing bubbles are presented in Figure 7.2. An averaged spectrum of five hydrogen 

seeded SBSL events collected in the same experimental conditions with acquisition time of 

200 s is shown in Figure 7.2 (a).  
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Figure 7.2. Typical emitted light spectrum of hydrogen gas seeded SBSL event averaged over 5 samples is 

presented in (a). Signal was acquired over 200 seconds for each sample. The data was collected for bubbles 

produced by hydrogen generation from a 50 μm diameter Pt electrode (NE). The experiment was run in 

quartz cell setup E containing 0.1 mol dm-3 NaNO3 solution at 52 mm height. For bubble generation the 

potential was stepped from 0.4 V to -3 V vs. Ag. An acoustic frequency of 26.729 kHz was applied to the 

cell. Temperature of the solution was 17.0˚ C. On plot (b) SBSL spectrum is shown averaged over 5 samples 

and 500s. Luminescent bubbles were produced by hydrogen generation on a 50 μm diameter Pt electrode 

(NE) in 0.1 M NaNO3 solution in cell setup E at 52 mm height. For bubble generation the potential was 

stepped from 0.4 V to -3 V vs. Ag. Acoustic signal of 27.177 kHz frequency was applied to the cell. 

Temperature was 17.5˚ C.  

 

A 
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Figure 7.2 (b) illustrates an averaged spectra of five hydrogen seeded SBSL events 

collected on same day in same conditions with acquisition time of 500 s. The vast majority 

of hydrogen seeded SBSL spectra produced in these experiments was of this kind (e.g. 

shape and size). Note that possible structure (A) at around 550 nm on plot (b) (Figure 7.2) 

could be observed but it was found to vary with experiment and most spectra did not 

contain this feature. Spectra of hydrogen gas seeded SBSL events were overall found to be 

quite reproducible in shape and intensity for events produced in similar conditions (e.g. 

five produced in a raw bubbles). Slight variation in shape and intensity of spectrum could 

typically be seen with changes of experimental conditions (see Figure 7.2 (a) and (b) for 

illustration). The point of maximum intensity was found to be in a range of 370 to 420 nm 

with a majority of spectra maximum observed at around 400 nm. This corresponds well to 

a literature reported value of 400 nm spectrum maximum for SBSL in liquid media with 

hydrogen gas content (see Figure 7.3 [7]). It should be noted that reference [7] has little 

experimental details and hence direct comparison of the results is difficult without further 

supporting information.  

 

 
Figure 7.3. Spectrum of a sonoluminescing bubble formed from a mixture of hydrogen and water. Taken 

from [7]. 

 

However, it should be stressed that in our experiments data below 296 nm was not 

obtainable due to apparatus sensitivity in that region. In addition, taking into account that 

noble gas SBSL spectrum has a typical peak in the region of 200 to 340 nm ([5, 10]), with 

the apparatus used in this work one would expect to get a spectrum of noble gas SBSL 

with a peak somewhere in the region of 300 to 400 nm (please see Figure 7.4). In addition 

hydrogen SBSL at low liquid gas content was found to be short lived (please refer to  

Chapter 3 and Chapter 6) compared to the acquisition time used in spectrometric 
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experiments discussed. In order to gather useful SBSL spectra experiment was developed 

to produce “long lived” SBSL (up to 10 minutes) as was determined by intensified camera 

observations. This is an important experimental point which should be noted and will be 

referred to later. It could be concluded that the spectra presented could be of contaminated 

by residual noble gas ingress rather than pure hydrogen SBSL. This could also be the case 

with regards to experimental results of Vasquez et al. [7] as they were running experiments 

for a period of hours and days but further experimental information would be needed in 

order to make that decision. 
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Figure 7.4. Illustration of used apparatus sensitivity, typical noble gas SBSL spectrum and expected 

spectrum of noble gas containing SBSL obtained with the apparatus used. 

 

In some experiments where hydrogen seeded SBSL bubbles were studied, double-peaked 

spectra were observed. Examples of such spectra are shown in Figure 7.5. These double-

peaked spectra were characterised by an increase in spectral intensity starting from 320 

nm. This is the same as with a single-peaked spectrum (see Figure 7.2). However, the 

double-peaked emission spectra gathered (labelled “A” and “B” in Figure 7.5) show 
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interesting features that require further discussion. The point of maximum intensity for the 

less intensive peak (A) in the blue area of the spectrum was observed at ~375 nm ± 15 nm. 

The second peak (B) maximum was found to be at around 535 nm ± 20 nm.  
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Figure 7.5. Examples of double-peaked spectra of hydrogen seeded SBSL. The data was collected for 

bubbles produced by hydrogen generation from a 50 μm diameter Pt electrode (NE).  The experiment was 

run in quartz cell setup E containing 0.1 mol dm-3 NaNO3 solution at 53 mm height and 16.8˚ C.  For bubble 

generation the potential was stepped from 0.4 V to -3 V vs. Ag. An acoustic frequency of 27.176 kHz was 

applied to the cell. SBSL spectrum is shown averaged over 5 samples on both plots. Signal was acquired over 

200 seconds on plot (a) and over 500 seconds on plot (b) for each sample. 

 

However, the reproducibility of these spectra was found to be poor. An illustration of the 

reproducibility with the apparatus used is presented in Figure 7.6. Spectra are presented for 

two ((a) and (b), (c) and (d)) hydrogen gas seeded SBSL events collected with acquisition 

times of 200 s (a, c) and 500 s (b, d) for a bubble generated by hydrogen gas seeding. The 

variation in spectra intensity, shape and emission maximum are attributed to changes in 

experimental conditions that were uncontrollable with the apparatus used. Note that in 

order to gather meaningful spectra (where a good signal to noise ratio was observed), a 

significant period for data acquisition was necessary. Typically an extended time window 

of 200-500 seconds was required. Hence if the SBSL is unstable over this time period or 

changes occur, one would expect variation in the emission spectra gathered (and indeed 

observed). In order to explain these variations attention to experimental conditions and 

apparatus was required (see later results and discussion). 
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Figure 7.6. Illustration of SBSL event spectra reproducibility acquired over a number of experimental 

conditions. For spectra on plots (a) and (b) the data was collected for a bubble produced by hydrogen 

generation from a 50 μm diameter Pt electrode (NE). The experiment was run in quartz cell setup F 

containing 0.1 mol dm-3 NaNO3 solution. For bubble generation the potential was stepped from 0 V to -3 V 

vs. Ag. An acoustic frequency of 31.497 kHz was applied to the cell. Temperature of the solution was     

16.3˚ C. Signal acquisition time was 200 s in (a) and 500 s in (b). For spectra on plots (c) and (d) the data was 

collected for a bubble produced by hydrogen generation on a 50 μm diameter Pt electrode (NE). The 

experiment was run in quartz cell setup E containing 0.1 mol dm-3 NaNO3 solution at 47 mm height. For 

bubble generation the potential was stepped from 0.4 V to -3 V vs. Ag. An acoustic frequency of 27.176 kHz 

was applied to the cell. Temperature of the solution was 16.4˚ C. Signal acquisition time was 200 s in (c) and 

500 s in (d). 

 

7.1.2 Oxygen seeded SBSL 

One of the advantages of using the electrochemical approach to seed the SBSL event is the 

ability to vary the initial gas content of the bubble by altering the potential (and hence 

reaction) of the microelectrode. In this manner spectra were observed for oxygen seeded 

SBSL events (Figure 7.7).  
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Figure 7.7. An example of typical emitted light spectra of oxygen gas seeded SBSL event. For single-peaked 

spectrum on plot (a) signal was acquired over 500 seconds. The data was collected for bubble produced by 

oxygen generation from a 50 μm diameter Pt electrode (NE). The experiment was run in quartz cell setup E 

containing 0.1 mol dm-3 NaNO3 solution at 46.5 mm height. For bubble generation the potential was stepped 

from 0.4 V to +3 V vs. Ag. An acoustic frequency of 30.3554 kHz was applied to the cell. Temperature of the 

solution was 18.5˚ C. For double-peaked spectrum on plot (b) signal was acquired over 500 seconds. The 

data was collected for bubble produced by oxygen generation from a 50 μm diameter Pt electrode (NE). The 

experiment was run in quartz cell setup E containing 0.1 mol dm-3 NaNO3 solution at 52 mm height. For 

bubble generation the potential was stepped from 0.4 V to +4 V vs. Ag. An acoustic frequency of 26.2290 

kHz was applied to the cell. Temperature of the solution was 19.1˚ C. 

 

Some variation in the spectra obtained was observed. Typical single-peaked spectrum of an 

oxygen generated SBSL event acquired over 500 s is shown in Figure 7.7 (a). This 

spectrum is similar to that of a single-peaked hydrogen gas seeded SBSL spectrum. Note 

that same increase of spectral intensity from 300 nm peaking at about 415 nm and decrease 

into the red area. These oxygen generated SBSL spectra were overall found to be less 

reproducible in shape and intensity for events produced under similar conditions (e.g. five 

produced in a raw bubbles) compared to hydrogen seeded events. Typical double-peaked 

spectrum of an oxygen seeded SBSL event acquired over 500 s is presented in Figure 7.7 

(b). An increase of spectral intensity from 300 nm was observed again. First peak (A) in 

the blue region of the spectrum at about 420 nm was lower in intensity but broader than the 

second peak (B) at about 575-580 nm. However, both peaks are red shifted compared to 

peaks on the double-peaked spectrum of hydrogen seeded SBSL. 

 

The reproducibility of the oxygen seeded emission spectra was investigated. Comparison 

of single-peaked oxygen seeded SBSL spectra obtained in various conditions is presented 

in Figure 7.8. 
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Figure 7.8. Illustration of SBSL event spectra reproducibility acquired over a number of experimental 

conditions. On plot (a) spectrum of oxygen gas seeded SBSL event averaged over 5 samples is presented. 

Signal was acquired over 200 seconds for each sample. The data was collected for bubbles produced by 

oxygen generation from a 50 μm diameter Pt electrode (NE). The experiment was run in quartz cell setup E 

containing 0.1 mol dm-3 NaNO3 solution at 52 mm height. For bubble generation the potential was stepped 

from 0.4 V to +3 V vs. Ag.  An acoustic frequency of 26.150 kHz was applied to the cell. Temperature of the 

solution was 16.2˚ C. On plot (b) SBSL spectrum is shown averaged over 4 samples and 200s. Luminescent 

bubbles were produced by oxygen generation on a 50 μm diameter Pt electrode (NE) in 0.1 M NaNO3 

solution in cell setup E at 52 mm height. For bubble generation the potential was stepped from 0.4 V to +3 V 

vs. Ag. Acoustic signal of 27.933 kHz frequency was applied to the cell. Temperature was 15.6˚ C. For 

spectra on plot (c) signal was acquired over 5 samples and 200 seconds. The data was collected for bubble 

produced by oxygen generation from a 50 μm diameter Pt electrode (NE). The experiment was run in quartz 

cell setup E containing 0.1 mol dm-3 NaNO3 solution at 46.5 mm height. For bubble generation the potential 

was stepped from 0.4 V to +3 V vs. Ag. An acoustic frequency of 30.3554 kHz was applied to the cell. 

Temperature of the solution was 18.5˚ C. 

Spectra of oxygen gas seeded SBSL events were overall found to be quite reproducible in 

shape and intensity for events produced in similar conditions (e.g. five produced in a raw 

bubbles). Some variations in shape and intensity of the spectra could typically be seen (see 

Figure 7.8 (a), (b) and (c) for illustration). This demonstrates how extremely sensitive 

SBSL event is even to minor changes in experimental conditions. Point of maximum 
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intensity for oxygen seeded SBSL events was found to be in a range of 415 ±30 nm of 

spectra maximum observed at around 415 nm. 

The reproducibility of the double-peaked spectral results for oxygen seeded SBSL events is 

presented in Figure 7.9.  
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Figure 7.9. Illustration of double-peaked oxygen seeded SBSL event spectra reproducibility acquired over a 

number of experimental conditions. For spectra on plot (a) the data was collected for a bubble produced by 

oxygen generation from a 50 μm diameter Pt electrode (NE). The experiment was run in quartz cell setup F 

containing 0.1 mol dm-3 NaNO3 solution. For bubble generation the potential was stepped from 0 V to +3 V 

vs. Ag. An acoustic frequency of 31.497 kHz was applied to the cell. Temperature of the solution was     

16.8˚ C. Signal acquisition time was 500 s. On plots (b) and (c) spectra of oxygen gas seeded SBSL event 

averaged over 5 samples are presented. Signal was acquired over 500 seconds in (b) and 200 seconds in (c) 

for each sample. The data was collected for bubbles produced by oxygen generation from a 50 μm diameter 

Pt electrode (NE). The experiment was run in quartz cell setup E containing 0.1 mol dm-3 NaNO3 solution at 

52 mm height. For bubble generation the potential was stepped from 0.4 V to +3 V vs. Ag. An acoustic 

frequency of 26.229 kHz was applied to the cell. Temperature of the solution was 19.1˚ C.  

 

It can be seen on Figure 7.9 that double-peaked spectra of oxygen seeded SBSL had major 

variations in size and shape of the peaks over the conditions tested (in this case solution 

temperature, cell setups and data acquisition time). The point of maximum intensity was 
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found to be in the range of 355 to 435 nm with the majority of the spectrum maximum at 

420 nm for the first peak (A) in the blue area of the spectrum and in the range of 465 to 

590 nm with the majority observed at 580 nm for the second peak (B). Intensity of peaks 

varied from experiment to experiment. In some cases peak in the blue area of spectra was 

more prominent than in the red area of the spectra and vice-versa. All these changes 

demonstrate that SBSL is very sensitive to the changes in experimental conditions.  

A summary of literature reported and those obtained here spectral maximum (nm) values 

for SBSL with different initial chemical composition are presented in Table 7.1. 

 
Table 7.1. Comparison of literature reported and experimentally found values of spectral maximum for 

SBSL events with various initial chemical composition. 

Initial bubble 

gas 

composition 

Literature reported 

spectral maximum 

(nm) 

Experimental spectral 

maximum (nm) 
Ref 

Ar 240-300 — [5, 10] 

He 200-220 — [5-7] 

Xe 310-340 — [5, 6] 

Air 240-280 — [3, 4] 

H2 400 

400 (single peaked) 

375 and 535 (double 

peaked) 

[7] 

— 

O2 — 

415 (single peaked) 

420 and 580 (double 

peaked) 

— 

— 

 

 

Even though variations from experiment to experiment were noted in our work, clearly 

there are similarities between literature reported results and those presented in this chapter. 

 

7.2 “Kinetic” system 

In order to investigate the variation in emission spectra observed, attempts were made to 

improve the experimental protocol employed. A major issue with the gathering of those 
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spectra is the sensitivity of the results to the exact physical conditions employed and the 

extended time periods necessary (e.g. up to 500 s) to obtain good spectra. One of the 

primary limitations is the sensitivity of the spectrometer. This was changed to an Image 

intensified detector (ICCD) and ST-138 Controller. A major difference in the experimental 

protocol is the reduced time window required to collect the experimental data. Here the 

“kinetic” system allowed for good signal to noise ratios to be gathered in 20 seconds. This 

represents an order of magnitude improvement over the previous setup. 

An example of raw data processing into final spectrum form is shown in Figure 7.10.  
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Figure 7.10. Illustration of spectrometric data processing steps. Raw SBSL spectrum example is presented 

on plot (a). Relative final intensity and wavelength calibrated SBSL spectrum is presented on plot (b). For 

data on plots (a) and (b) 5 spectra with acquisition time of 20 s were acquired and averaged. The data was 

collected for a bubble produced by hydrogen generation from a 50 μm diameter Pt electrode (ME). The 

experiment was run in cell setup H containing 0.1 mol dm-3 NaNO3 solution. For bubble generation the 

potential was stepped from 0 V to -3 V vs. Ag. An acoustic frequency of 27.3659 kHz was applied to the cell. 

Temperature of the solution was 22.4˚ C. 

 

The spikes on the final spectrum are caused by the noise of spectrometer. The decrease of 

spectral intensity below 300 nm is attributed to glass/optics cut-off effect caused by the 

instrumentation and solution used. It should be noted that as in case with PI-MAX system 

only SBSL spectrum shape and relative intensity should be taken into account as absolute 

system calibration was not achieved. With this type of apparatus used most spectra 

obtained were characterized by the presence of apparent emission lines just above 300 nm. 

The presence of molecular emission lines in this region in SBSL at low light levels has 

been previously reported in the literature [11] (see Figure 7.11). These were attributed to 

band emission from neutral OH* and were found to be sensitive to the liquid media 
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temperature, noble gas content and interior gas nature. In general OH radical is known to 

emit in the region from 305 to 322 nm in 4000 K plasma. In our experiments a set of 

emission peaks were found in the range of 305-350 nm with majority observed at 330 nm. 

These were attributed to OH* emission. These hydroxyl radicals could possibly be a 

product of interior gas (oxygen or hydrogen) consumption but further investigation would 

be needed to confirm this theory. 
 

 
Figure 7.11. Average intensity dependence of argon single-bubble sonoluminescence spectral peaks. Spectra 

are shown for five different levels of overall brightness. The sonoluminescence was produced using mixtures 

of deionized water and argon gas with a partial pressure of 150 torr at 25 °C [11]. 

 

Note that as a shorter (roughly 10 times compared to PI-MAX system) acquisition time 

was employed an opportunity to capture spectral emission from hydrogen/oxygen seeded 

SBSL event prior to any substantial amount of other gas penetration into the bubble is 

obtained. 

Typical spectra for such hydrogen and oxygen seeded SBSL events are presented in Figure 

7.12.  
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Figure 7.12. Typical spectra of hydrogen (on plots (a) and (b)) and oxygen (on plots (c) and (d)) gas seeded 

SBSL events obtained using “kinetic” spectrometric apparatus. For spectrum presented in (a) signal was 

acquired over 20 seconds. The experiment was run in a cell setup H containing 0.1 mol dm-3 NaNO3 solution. 

For bubble generation the potential was stepped from 0.5 V to -3 V vs. Ag on a 50 μm diameter Pt electrode 

(ME). An acoustic frequency of 27.367 kHz was applied to the cell. Temperature of solution was 22.3˚ C. 

For spectrum presented in (b) signal was averaged over 10 spectra. Signal was acquired over 20 seconds in 

each case. The experiment was run in a cell setup I containing 0.1 mol dm-3 NaNO3 solution. For bubble 

generation the potential was stepped from 0.5 V to -4 V vs. Ag on a 50 μm diameter Pt electrode (ME). An 

acoustic frequency of 27.829 kHz was applied to the cell. Temperature of solution was 22.6˚ C. On plot (c) 

the data was collected for 20 s. The experiment was run in a cell setup I containing 0.1 mol dm-3 NaNO3 

solution. For bubble generation the potential was stepped from 0.5 V to +4 V vs. Ag on a 50 μm diameter Pt 

electrode (ME). An acoustic frequency of 27.583 kHz was applied to the cell. Temperature of solution was 

21.2˚ C. Graph presented on plot (d) was averaged over 10 spectra. Signal was acquired over 20 seconds in 

each case. The experiment was run in a cell setup I containing 0.1 mol dm-3 NaNO3 solution. For bubble 

generation the potential was stepped from 0.5 V to +4 V vs. Ag on a 50 μm diameter Pt electrode (ME). An 

acoustic frequency of 27.557 kHz was applied to the cell. Temperature of solution was 21.3˚ C. 
 

Under the conditions employed two different types of spectra were collected for both 

hydrogen and oxygen seeded SBSL events. The first kind (presented on Figure 7.12 (a) 

and (c)) showed emission peaks in the region from 300 to 350 nm attributed to OH* 
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emission followed by a steady increase in spectral intensity until a prominent maximum 

was observed at ~ 500 nm with a subsequent decrease of spectral intensity at higher 

wavelength. The maximum intensity for hydrogen seeded SBSL events was found to vary 

in the range of 505- 605 nm. The majority of the peaks were observed at around 535 nm 

and 600 nm. The value of 535 nm is in good agreement with PI-Max system results of 535 

nm peaks (see Table 7.1). Oxygen bubble spectrum maximum was found to range from 

about 540 nm to 600 nm with the majority observed at 585 nm. This data is in relatively 

good agreement with PI-MAX system results 580 nm for the peak (see Table 7.1). Second 

type of spectra (presented in Figure 7.12 (b) and (d)) were also observed. These included a 

prominent peak in the 300 to 350 nm range (OH*) followed by a steady increase of the 

emission intensity into the red area. Note that as the final bubble composition and its 

dependence on bubble generation conditions are unknown bubbles may differ in time and 

this could cause variations in spectra types. 

In order to explain the differences and features of the spectra obtained with the two 

experimental setups, we must consider the lifetime of a pure H2/O2 SBSL event (see 

Chapter 3) and the gas content of the fluid. The respective lifetimes (considering noble gas 

ingress) and acquisition windows of the spectrometers employed are presented in Figure 

7.13. There is good correspondence of experimental results obtained with PI-Max and 

“kinetic” system. It is proposed that the peaks at around 535 nm and 580 nm on all spectra 

could be an indication of luminescence from hydrogen or oxygen containing SBSL event 

respectively. Appropriately, double-peaked spectra (please refer to Figure 7.5 and 7.8) 

obtained with PI-Max system are thought to be a result of luminescence from SBSL events 

with different composition. In this case peak “A” in the red region of the spectrum would 

be from the initial hydrogen/oxygen SBSL. The second peak “B” in the blue region of the 

spectrum represents emission from SBSL events with noble gas content rather than pure 

hydrogen/oxygen bubbles. 

In the beginning of the experiment luminescence of H2 or O2 containing SBSL event would 

be picked up by the PI-Max apparatus and plotted on the spectrum in the red region. At 

longer time periods as more noble gas gets into the bubble from the surrounding liquid 

luminescence in the blue area of the spectrum would be detected by the spectrometer. The 

final spectrum is amalgamation of both emission spectra. It would be useful to be able to 

differentiate between the two sets of data but it was not possible with the apparatus used. If 

the “kinetic” spectrometer was employed a “true” H2/O2 spectrum was observed. This is 
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due to the short (e.g. 20 s) window used to gather the data which is below the lifetime of a 

H2/O2 event determined previously (see Chapter 3). 

 

 
 

Figure 7.13. Illustration of gas content transformation inside the luminescing bubble with time. Note H2/O2 

was seeded at t=0 and spectral data acquisition gathering was started at this point. 

 

Reproducibility of the emitted light measurements has been tested and results are presented 

in Figure 7.14. Spectra of the same hydrogen seeded bubble averaged over 10 spectra each 

are presented in (a) and (b). These were found to differ. Difference may have come from 

the variable gas content of the liquid or from changes in bubble behaviour (e.g. 

fragmentation or cavitation) as was seen in Chapter 4. However, in most cases 

reproducibility of the results for the same bubble was found to be good (see Figure 7.14 (c) 

and (d)). 
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Figure 7.14. Reproducibility of emitted light spectra for oxygen and hydrogen seeded SBSL events acquired 

with the help of “kinetic” setup. Spectra of the same H2 seeded SBSL event are presented in (a) and (b). 

Signal was averaged over 20 seconds and 10 samples. The experiment was run in a cell setup H containing 

0.1 mol dm-3 NaNO3 solution. For bubble generation the potential was stepped from 0.5 V to -3 V vs. Ag on 

a 50 μm diameter Pt electrode (ME). The bubble was driven at a zero-to-peak pressure amplitude of 1.07 atm 

when an acoustic frequency of 27.113 kHz was applied to the cell. Temperature of solution was 22.6˚ C. 

Comparison of 3 spectra of the same H2 seeded SBSL event acquired in a raw are presented in (c). Signal 

was averaged over 20 seconds in each case. The experiment was run in a cell setup H containing 0.1 mol 

dm-3 NaNO3 solution. For bubble generation the potential was stepped from 0.5 V to -3 V vs. Ag on a 50 μm 

diameter Pt electrode (ME). An acoustic frequency of 27.366 kHz was applied to the cell. Temperature of 

solution was 22.4˚ C. Comparison of 3 spectra of the same O2 seeded SBSL event acquired in a raw are 

presented in (d). Signal was averaged over 20 seconds in each case. The experiment was run in a cell setup H 

containing 0.1 mol dm-3 NaNO3 solution. For bubble generation the potential was stepped from 0.5 V to +3 V 

vs. Ag on a 50 μm diameter Pt electrode (ME). An acoustic frequency of 27.415 kHz was applied to the cell. 

Temperature of solution was 22.4˚ C. 
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7.2.1 Gas injection into SBSL 

Spectra acquired during an experiment where hydrogen gas was injected into luminescing 

oxygen gas seeded SBSL event are presented in Figure 7.15. It can be seen that during the 

gas injection period the initial oxygen bubble did not luminesce. However, after gas 

injection was stopped luminescence re-occurs which was as expected. The phenomenon 

can be attributed to the fact that during the gas injection hydrogen bubbles are moving 

from the electrode into the pressure antinode where they collide with luminescing bubble 

and light emission is quenched.  
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Figure 7.15. Spectra of SBSL event seeded by O2 gas before (a), during (b) and after (c) the H2 gas injection. 

Signal was averaged over 10 seconds in each case. The experiment was run in a cell setup I containing 0.1 

mol dm-3 NaNO3 solution. For bubble generation the potential was stepped from 0.5 V to +3 V vs. Ag on a 50 

μm diameter Pt electrode (ME). Hydrogen gas was injected by stepping the potential of the electrode from 

0.5 V to -3V and back vs. Ag for 20 seconds. An acoustic frequency of 27.583 kHz was applied to the cell. 

Temperature of solution was 21.2˚ C. 

 

Note that it’s unclear whether the oxygen seeded bubble restarts luminescing or one of the 

hydrogen bubbles takes its place and starts luminescing. Similar experiments were 

conducted with different bubble compositions and results were in good agreement with 
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each other. Note that as the final bubble composition and its dependence on bubble 

generation conditions are unknown bubbles may differ drastically in time. 
 

7.3 Conclusion and further work 

In this chapter two different setups have been used in order to measure SBSL emitted light 

spectrum. 

Overall it was found that peaks on hydrogen seeded SBSL spectrum corresponded well to 

literature reported values if PI-Max setup was used. However, it has been shown that it 

could have been emission of SBSL containing noble gas rather than hydrogen. Oxygen 

seeded SBSL spectrum was also recorded even though it has been stated in the literature 

before that oxygen SBSL could not exist. In addition to literature reported single-peaked 

spectra double-peaked spectra have been observed for both hydrogen and oxygen seeded 

SBSL events in experiments with PI-Max system. Further results of the experiments ran 

with “kinetic” system lead us to the conclusion that these double-peaked spectra could be a 

result of emission from SBSL with different bubble composition (e.g. hydrogen/oxygen 

and noble gas).  

Further investigation of double-peaked SBSL spectra in various conditions to prove bubble 

composition would be a worthwhile extension to this work. 
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 Chapter 8: Conclusion and Future Work 

 

This thesis reports the results of a study of electrochemically generated Single Bubble 

Sonoluminescence (denoted eSBSL). The first aim of this project was to develop a novel 

eSBSL seeding method and cells. The second objective of this work was to thoroughly 

characterise the electrochemically generated SBSL event using a variety of scientific 

methods such as high-speed imaging, spectrometry, TCSPC and mass-spectrometry. The 

broad conclusions drawn from this investigation are presented in this chapter. The reader is 

directed back to the relevant chapters for further in-depth conclusions. Future work is 

discussed in an appropriate section. 

8.1 General Conclusions 

Generation of a stable and relatively long-lived seeded SBSL event was a vital part of this 

project. Electrochemical seeding of the eSBSL event was found to be reproducible and had 

several advantages compared to standard seeding techniques. These advantages include the 

ability to control the initial bubble composition, generate different gases in the same media 

and potentially investigate species emanating from an eSBSL event. Several different 

electrochemical cell setups were tested in order to find the most suitable for further 

investigation of the resultant eSBSL event. Cylindrical cells provided an opportunity to 

seed ‘multiple’ simultaneous eSBSL events at different antinodes within the sound field 

generated. However, spherical cells, based on a conventional round bottomed flask, were 

found to be more appropriate for the purpose. This cell setup allowed better experimental 

control on the conditions, particularly with respect to solution contamination from the 

material employed in the construction of the cell and produced a more predictable acoustic 

pressure distribution. 

A technique to produce a relatively stable and reproducible eSBSL generation was 

developed. However, the eSBSL event was found to be very sensitive to variations in 

experimental conditions (including temperature and gas content). Even minor adjustments 
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in solution temperature, driving pressure, solution gas composition etc. lead to changes in 

eSBSL behaviour and characteristics. A parasitic particulate generation phenomena which 

produced a material of unknown composition (as yet) was found to be a problem in many 

experiments. 

High-speed imaging of the eSBSL event was successful. In general luminescent bubbles 

were found to oscillate radially in a highly nonlinear fashion. This corresponds well to the 

literature reported bubble behaviour. Fragmentation of the luminescent bubble was 

observed in some experiments. Possible causes were associated with particulate 

contamination in the solution, MBSL generation (through too excessive acoustic pressure 

amplitudes) and solution overheating. Bubble behaviour and stability was also noted to be 

dependent on eSBSL generation conditions (e.g. current density and electrode potential). 

In general oxygen seeded eSBSL events were found to be less stable and harder to generate 

compared to hydrogen. However, this should be put into context with the different gas 

solubility and the changes in the electrochemical reaction for these two systems. 

Overall the residual gas content of the liquid and especially Ar gas was found to have a 

major influence on the eSBSL lifetime and luminescent characteristics. It has been shown 

using various techniques (spectrometry, mass-spectrometry, image intensified 

photography) that pure hydrogen/oxygen eSBSL events can be produced given certain 

experimental conditions are met. However, the solution gas concentration (especially Ar 

gas) had to be kept low ([Ar]1 < 2.9x10-9 AU). Under these conditions the resultant eSBSL 

event was relatively short-lived (10-40 s maximum), produced a weak red centred emission 

and tended to fade with time. In addition OH* emission was detected in the spectra and 

was a characteristic feature under these conditions. In experiments where the overall gas 

content of the liquid was low but Ar gas concentration was relatively high (2.9x10-9 AU< 

[Ar] <1.4x10-6 AU) long-lived (up to 4 hours) stable bubbles were produced. Many of 

these produced characteristics which agreed well with the reported literature. Some of 

these bubbles, which are thought to initially consist of hydrogen or oxygen (e.g. for the 

1 Note the values given here are essentially arbitrary units. However, these may be converted to a real 

concentration using Henry’s constant for Ar (7.24*107 dm-3 Pa mol-1) and the value obtained for air saturated 

solution. This allows for the critical concentration to be converted to 0.3 µmol dm-3. 
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first 40 s or so), later “mutate” into conventional Ar SBSL. These bubbles produced 

distinctive “dual” red-blue emission with no OH* characteristic lines. A schematic 

summary of the possible eSBSL events is presented in Figure 8.1. 

 
Figure 8.1. Schematic of eSBSL investigation results. 

The TCSPC method was used to characterise the lifetime of the light pulses emitted by the 

eSBSL event. Initially FWHM values (398-823 ps for hydrogen seeded eSBSL and 367-

883 ps for oxygen seeded eSBSL) were found to be higher than the literature reported 

values. However, the luminescence lifetime measurements agreed with literature values 

(35-380 ps) after improvements were made to the experimental setup. Note in these cases, 

Ar rich eSBSL events were necessary to enable a sufficient stability (e.g. >40 s) of the 

bubble to be obtained. 

8.2 Further work 

During the course of the work presented in this thesis a good understanding of the 

electrochemically seeded eSBSL has been obtained. However, the potential for further 

research still exists. Clearly controlling trace gas species (specifically Ar) within the media 

is paramount. Hence it would be useful to apply the mass-spectrometric detection method 
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to all solution gas content at all points of future experiments. This would allow the 

influence of many gas species on the resultant eSBSL event to be ascertained. It would also 

be interesting to study eSBSL in hydrogen containing solutions. Comparison with noble 

gas containing solution could provide vital information about the luminescing bubble 

contents. Pressure measurements at the point of stable SBSL event in all experiments 

would help further characterise SBSL event composition. 

Further investigation to fully characterise pure hydrogen/oxygen eSBSL would also be 

beneficial including spectral and emission line width determination. Investigations to 

determine the nature of solution particulate contamination would be useful. Finally 

electrochemical detection of species emanating from the eSBSL event would be of interest. 

For example it would be interesting to perform radical trapping experiments or detection of 

hydrogen peroxide within these unusual, if difficult to study, events. 
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