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ABSTRACf

When the

radiat Ion from a sufficient Iy powerful

focused into transparent gaseous,

material.

As

a

plasma which

consequence

this phenomenon causes

Is

liquid or solid media, dielectric

breakdown may occur around the beam waist
I ived high-temperature

pulsed laser

giving rise

quickly heats

of various

to a

the

short-

surrounding

energy-coupling mechanisms,

the emission of one or more high-frequency

ultrasonic acoustic waves whose speeds of propagation are dependent
upon the physical propert les of the host medium.
photographic studies described In this doctoral
near-Infrared radlat Ion from an 8-ns,
Is focused

In the high-speed

thesis,

the 1.06-l'm

lO-mJ Q-swl tched Nd:YAG laser

In or onto a variety of fluid and solid materials.

rapid variations

The

In density around the resulting plasma events are

visualised using a Mach-Zehnder Interferometer with a sub-nanosecond
dye-laser

light

source and a vldeo-Imaglng system.

Calculat Ions of

the corresponding transient pressure distributions are then enacted
from

the

digitally-recorded

Interferograms

using

a

semi-automat Ic

procedure under the control of a personal computer. Measurements of
position. displacement and velocity are also carried out
same opt ical

apparatus

In schlleren and

focused

using the

shadowgraph high-

speed photographic arrangements.
The experimental work outlined In the following chapters is divided
Into three broad fields of Interest.

In the first of these, a study

of the laser-generation of spherical shock waves· in atmospheric air
is carried out.

In the second,

the neOdymium-laser beam Is focused

onto different solid-fluid Interfaces resulting In the formation of
bulk longitudinal

and shear waves and surface acoustic waves.

The

Interactions of these waves with various obstacles and defects are
Investigated with reference to their application to non-destructive
test Ing.

[n the third and most

Important field,

a detailed study of

the dynamics of laser-Induced cavitation bubbles In water Is carried
out. With regard to the associated phenomenon of cavitation erosion,
particular attention Is paid to the formation of spherical acoustic
waves

by radlally-oscillatlng vapour cavities at

from transparent rigid boundaries.
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1. CENERAL INTRODUCTION
In the thirty or so years since the original demonstration of the

ruby laser, the interactions of coherent laser radiation with gases,
liquids and solids have been studied In detail over a wide range of
optical frequencies and powers. The nature of these Interactions have
usually been found to depend cri t Ically upon the characterlst ics of
the chosen material at the laser wavelength and Intensity. When the
target medium is reasonably transparent to the laser radiat ion,

for

example, then the radiation is absorbed in the bulk of the material.
When the medium is opaque, in contrast, the light does not penetrate
far Into the material but is Instead absorbed within a thin surface
layer. Furthermore, whereas at lower power densities the absorption
process Is linear in nature, at very high power densities other nonlinear cascade effects play the major role.
The work described in this thesis was concerned to a large extent
wl th the Interact ions of high-power near-infrared laser "I ight" wi th
transparent media of various types. Consequently, the mechanisms of
absorpt ion of radlat ion were dominated by non-linear processes such
as dielectric breakdown and plasma format ion. The part Icular source
of radiation used by the author was a Q-swltched Nd:YAG laser with a
pulse energy of up to about 10 mJ and a pulse duration of 8 ns. The
output from this device was passed through a pair of lenses so that
Intensltles of greater than 10'0 W cm- 2 could readily be achieved at
the focal plane of the system. As a result, the localised transient
breakdown of a variety of transparent

media

Including atmospheric

air, water and poly-methyl-methacrylate was performed using a laser
wavelength of 1.06 pm.
Previous work in the field of laser-Induced dielectric breakdown
has shown the rapid expansion of the plasma during and shortly after
a high-power pulse of radiation to produce a high-frequency acoustic
disturbance In the host medium.

In gases, this disturbance may take

the form of a supersonic blast wave;

in liquids and solids, on the

other hand, the disturbance usually propagates outwards as a normal
acoustic wave at the speed of sound of the material. Furthermore, in
liquids,

the high-temperature plasma may cause a rapid vaporisat ion

1

of the nearby liquid and the formation of a cavitation bubble from
which further acoustic waves may subsequently be emitted.
Diagnostics of the laser-generated ultrasonic acoustic waves were
carried out using a single-shot ultra-high-speed photographic system
with a IS-pJ SOD-ps pulsed dye-laser light source. Depending on the
specific appl icat ion, this laser was operated at wavelengths around

SOD nm and was used to illuminate either schlleren, shadowgraphlc or
interferometric optical arrangements. In all three cases, the laserInduced acoust Ic transients were lmaged onto a CCD video sensor and
recorded In a 6-blt computer-controlled digital frame store. Despite
the apparent limitations of the one-shot system,

It was possible to

build up a detailed sequence of photographs of any laser interaction
due to the excellent shot-to-shot reproducibility of the Q-switched
laser pulse.
Measurements of the very fast refractive-index changes which arose
from the passage of the laser-induced acoustic waves through the host
media were performed from the digitally-recorded Interferograms. Due
to the spherical shape of most of the waves considered In this work,
however, It was necessary to apply a geometrical inversion procedure
to the raw data before finally obtaining the true radial pressure or
longitudinal-stress profiles In the fluids and solids, respectively.
In this way, values of the duration, rise time, amplitude and energy
of the acoustic disturbances could be determined without recourse to
mechanical measurement techniques.
When the pulsed output of the neodymium laser was focused into air,
water or other near-transparent materials, two distinct effects were
always found to occur If dielectric breakdown had taken place. These
were (a) the formation of a short-duration bluish spark at the focal

point of the beam and (b) the generat ion of a sharp "crack" of sound.
The fi rst of these was a direct manifestation of the luminous plasma
while the second was the acoustic disturbance subsequently given out
by that plasma. Due to the different physical properties of the host
media, the brightness and size of the spark and the loudness of the
noise varied considerably from material to material, both being the
strongest in atmospheric air and the weakest in the polymer.

2

2. EXPERIMENTAL ARRANCDIENT

2.1. Introduction
The experimental work described In this thesis was centred around
the construction and operation of Interferometric and beam-deflection
diagnostic

facilities

for

the

ultra-hlgh-speed

produced plasmas and acoustic waves In gases,

study

of

laser-

liquids and solids. As

shown In figure 2.1 and described fully In the following sections,
the system essentially comprised a Mach-Zehnder Interferometer with a
nltrogen-dye-Iaser light source. Highly-localised plasma events were
generated by the act Ion of a Q-swl tched
visually

recorded

using

a

Infrared Nd:YAG

vldeo-frame-store

laser and

arrangement.

The

development of transient pressure distributions around the resultant
plasma events were quant I fled

In detail

using a

personal

computer

with reference to the recorded Interferograms.

2.2. laser-generation of plasmas

2.2.1. The Nd:YAC-laser system
Since shortly after Its Invention In 1964, the pulsed Nd:YAG laser"
has

been widely used as

a

convenient

highly localised plasma events

In all

employed

laser

In

this

manner"

the

source

of

reproducible

three states of matter.
has

usually

and
When

been operated

In

Q-swltched mode to give extremely short-duration near-Infrared pulses
at a wavelength of 1064 nm.

In this arrangement,

wavelengths and the coherence

the FWHM range of

length of the emitted radiation are

about 100 pm and 10 mm, respectively.
The device used In this experimental work was a JK-Lasers System7839

Mlni-Q Nd:YAG

laser giving a

nominal

10-mJ

8-ns,

output when operated In Its TEMoo unlphase mode.

Q-swltched

The diameter and

tempor"al Jltter of the linearly-polarised beam at the output aperture
were about 1.2 mm and 100 ns, respectively. Although the total energy
emitted In a single laser shot was rather small,
output throughout the durat Ion of the pulse was
When

used

capable

of

with
a

an

external

maximum

water-coolant

repetition

rate

of

the average power
In excess of 1 MW.

supply,
10

Hz.

the

system was

Under

normal

circumstances, however, the laser was operated at frequencies of less
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than I Hz so that the Internal head-coolIng system was adequate.
In

addItion

to

the

laser

head

Itself,

the

system comprIsed

a

power-supply unIt, a control unIt and a Pockels-cell Q-switch drIver.
In order

to

achIeve

maximum population

InversIon wIthin

Nd 3 +

the

laslng medIum, the Pockels cell was arranged to switch at a constant
delay of 145

~s

after the Initial trigger pulse with a bIas voltage

of 4.0 kV. The energy of the output laser beam was varIed by altering
the

energy suppl led

head.

This was

to

the

xenon-f1ashtube

Itself adjusted by varying

pump within

the

laser

the voltage on a

40-~F

charging capacitor up to a maximum of 1.0 kV. The laser head was held
dIrectly above the optIcal bench using a firmly-clamped speed-frame
arrangement and a vertically-positioned optIcal rail. This meant that
the Infrared beam was incident upon the bench at right angles to the
plane of the Mach-Zehnder Interferometer.
When using
apparatus,

the

the

Nd:YAG

devIce

laser

was

In conjunction with

synchronously

trIgger cIrcuitry by applyIng a

fired

lOO-ms,

the

from

recording

the

external

12-V voltage pulse to

the

100-0 BNC "trlg" input on the control unIt, '§ 2.4.4. This sIgnal was
passed from the control unit to the Pockels-cell driver via another
100-0

BNC

cable

whereupon

145-~s

the

Q-switched

delay

was

automatically Introduced.
The temporal profIle of the Nd:YAG-Iaser pulse was checked using a
Tektronix type 466 100-MHz analogue storage oscIlloscope and a BPX65
photodiode with a
photodlode

at

I-ns

1.06

cons'lderably before
area. A typical

rlsetlme.

~m,

It

DespIte the 'poor response of the

was

allowing

It

necessary
to

to

IllumInate

attenuate
the

the

beam

light-sensItive

trace obtained in this way is shown in figure 2.2,

where the FWHM duration of the pulse was measured to be 9 ns wIth a
variation of

less

than tl

ns.

Since

this

pulse duratIon was much

shorter than the subsequently generated events, the focused Infrared
radIation

acted

as

an

extremely

good

optIcal

transducer

and

ultrasound source.

2.2.2. Arrangement of focusing lenses
Before beIng focused down to a poInt

by a 28-mm wide-angle SLR-

camera lens with an f-number of 2.0, the laser radiatIon was first
passed through a pIano-concave lens wIth a focal

5

length of -25 mm and

FIGURE 2.2. Storage oscilloscope trace of the temporal profile for
the Q-swltched Nd:YAG laser at a pump voltage of 850 V. Timebase: 10
ns/dlv.
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FIGURE 2.3. Storage oscilloscope trace of the temporal profile for
the luminescence of the laser-generated plasma at a pump voltage of
850 V. Tlmebase:

to

ns/dlv.
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a diameter of 10 mm.

In this way, the beam was expanded to fill the

aperture of the camera lens and spherical aberrations were reduced to
a minimum. Since the beam-cone angle at the focal point was large
about

26·

In air -

the beam waist

at

this spot was small

and a

relatively high laser fluence was obtained there. Although only about
one-half of the

Incident radiation was transmitted by the pair of

lenses, the tight focus meant that

It was possible to generate air

breakdown quite easily using this arrangement.
The

temporal

breakdown

In a I r

profile of the

luminescence

of

the

laser-induced

was measured using the BPX65 photodlode of the

previous sect Ion. The spark was Imaged onto the photodlode using a
simple lens and the scattered laser radiation was filtered out using
a so-called hot mirror for which the Infrared transmittance was very
low. A typical oscilloscope trace of the luminescence pulse Is given
In figure 2.3. The Intensity of light emitted by the breakdown rose
to a maximum after 7 ns and then decayed away exponentlally to give a
FWHM pulse wIdth of 10 ns.

Since

this

figure

was only slightly

greater than the length of the original Nd:YAG-laser pulse,

It was

possible to use the spark as an optical transducer for the excitation
of acoustic disturbances at frequencies In excess of 100 MHz.
After calibrating the system with a Laser Instrumentation model 172
Joulemeter, the energy variation of the Infrared beam emerging from
the final
meter

and

2.4(3)

focusing lens was measured using a Gen-Tec ED-500 energy
a

Phlllps

PM3311

digital

shows a histogram of lOO-shot

storage

oscilloscope.

Figure

samples of transmitted beam

energy at pump voltages of 750, 850 and 950 V. From this plot, where
the bar Interval was chosen to be 0.1 mJ,
variat Ions

in beam energy at

It can be seen that the

f1ashtube voltages above 850 V were

significantly greater than those below. This result

Is shown more

clearly In the calibration graph of figure 2.4(b), in which the upper
and lower curves represent variations of one standard deviation from
the mean beam energy. Furthermore, from this graph It Is also clear
that the beam energy saturated at pump voltages above 900 V. During
most

of the experimental

work carried out,

the

laser

system was

therefore operated with an optimum pump voltage of 850 V at which the
emergent beam energy Eo had a mean value of 2.9 mJ and a standard
deviation of 0.1 mJ.
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FIGURE 2.4. (s) Histograms of the radiant Nd:YAG energy Eo emerging
from the second focusing lens for a range of pump voltages. Light Iy <
,
shaded bars: 750 V; unshaded bars: 850 V; heavily shaded bars: 950 V.

(b) Nd:YAC calibration curve of emergent energy Eo versus laser pump
voltage Vo' The central curve defines the mean values of Eo while the
outer curves

define

the

upper and

deviation from the mean.

8

lower

limits

of one

standard

b

0.75

0.5

0.25

FICURE 2.5. (s) Cross-section of the highly-attenuated Nd:YAC beam at
a point 10 mm behind the focus of the laser. MagnIfIcation: x 10.2.
(b)

DigItally smoothed line profiles of the above Image. Thick curve:

horIzontal profile; thin curve: vertical profile.
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The minimum diameter of the focused laser beam in air was measured
using a CCD video system as described In § 2.4. Before exposing the
Image sensor to the 1.06-pm radiation at the focal plane of the SLR
lens, the expanded beam was considerably attenuated using a series of
neutral-density glass filters. Using this method, the beam waist was
found to be circa 40 pm which corresponded to a transient
laser Intensity of about

25 GW cm-

2

at

focused

a pump voltage of 850 V.

Figure 2.5(a) shows the attenuated laser beam at a distance of 10 mm
from the focal plane. Although the introduction of glass filters Into
the beam had caused a significant amount of noise to appear on the
recorded Image, the shape of the beam Is clearly visible. Smoothed
line profiles of the relative Intensity across the image are plotted
In figure 2.5(b),

which demonstrates

the symmetrical

and gausslan

properties of the unlphase beam.

2.3. Optical detection of plasma events
2.3.1. The nitrogen-dye-laser system
Because the aforementioned laser-generated plasma events evolved on
a sub-microsecond tlmescale,

a source of extremely short-duration

light pulses was necessary to record them with sufficient temporal
re so I ut Ion

In photographl c

medl a.

The

II ght

experimental work was a comblnat Ion of two

source used

In

laser systems,

thl s

one of

which was used to optically pump the other. The first device was a
PRA Nltromlte model

LNI03 TEA nitrogen-gas

hiser operating In the

near-ultraviolet region of the spectrum at a wavelength of 337 nm.
The second device was a PRA Dye Laser model LNI02 which, when used
with

the

green dye

Coumarin

500,

was

arranged

to

emit

visible

radiation at wavelengths around 514 nm.
When operating the nitrogen-gas laser at repetition rates of about
1 Hz, the spark-gap separation and gas pressure were kept at constant
values of 2.0 mm and 140 kPa while the spark-gap voltage was adjusted
to an optimum value around 12.5 kV. The nitrogen within the laser
channel itself was maintained at atmospheric pressure or lOO kPa by
allowing a slight gas flow of about 0.1

litre mln- 1 to the

laser

head. This was achieved using a T-spllce from the main nitrogen gas
supply and

a

needle-valve

regulator.

The

separation

of

the

two

transverse electrodes was also kept at a constant value of 2.3 mm by

10

adjusting a pair of micrometer screws at the laser head. When being
used

In

this

manner,

the

Nltromlte

laser

produced nominal

80-pJ

pulses of ultraviolet radiation with a duration of around 300 ps.
The synchronised firing of the nitrogen-gas laser was carried out
from the external trigger circuitry via two external 50-0 BNC Inputs
at the rear of the device, § 2.4.4. The first of these, the "trigger
reg" Input, was used to Initiate the charging of the spark gap at the
pre-set voltage and the second, the "trigger low" Input, was used to
actually fire the laser. When a pair of 5-ps TTL voltage pulses were
applied to the sockets with a constant temporal separation of 37 ps,
the laser was forced to fire directly after the second pulse. The
react Ion time for the laser after appllcat Ion of the "trigger low"
pulse was about 60 ns with· a temporal jltter of less than 2 ns. Since
the total jltter of the nitrogen and Nd:YAG lasers was small compared
to the durat Ion of the measured events,

the resul t Ing photographic

processes were highly reproducible.
Since the CCD Image-recording device was only sensitive down to
wavelengths

of

around

400

nm,

It

waS

necessary

to

convert

the

ultraviolet radiation from the nitrogen-gas laser Into visible light.
As mentioned previously, this was achieved by using the PRA Nltromite
laser

to

pump a

PRA dye

laser

which,

when appropriately

emitted light at wavelengths close to 510 nm.

The nominal

tuned,
laslng

efficiency of the Coumarin 500 dye around this wavelength was about
20 % giving an output
extremely short nominal

pulse energy of 15 pJ: On account
duration of this pulse,

viz.

of the

500 ps,

the

average transient power output was about 30 kW. Because of the large
Ilnewldth of the emitted radiation,

i.e.

=

10 nm,

the

coherence

length of the green light was only around 20 pm giving a total of 40
fringes in an Interferometer system. This made it necessary to align
the optical elements of such an optical

Instrument very accurately

when making measurements of changes In refractive Index, § 2.3.2.
The spatial profile of the dye-laser beam at a distance of 170 mm
from the output aperture Is displayed In figure 2.6(8); line profiles
of

light

2.6(b).

Intensity across

this

video

Image

are

Although the beam trailed off slight Iy at

given
Its

In

figure

right-hand

edge, It was essentially gausslan In nature. The circular diffraction
patterns on the beam occurred as a resul t of the presence of tiny
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FIGURE 2.6.

(a) Cross-sect Ion of the attenuated dye beam at

a point

170 mm from the output aperture of the laser. Magnification: x 10.2.
(b)

Line

profiles

of

the

"hove

Im"ge.

profile; thin curve: vert Ical profile.
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Thick

curve:

horlzont,"

specks of dust on the optical elements within the dye laser itself.
Since the beam diameter at the output aperture was about 1.5 mm, we
may conclude that the beam divergence was quite large at 4.4 mrad.
As described for the Nd:YAG laser In § 2.2.1, the temporal profile
of the dye-laser pulse was checked using a high-speed photodlode and
a high-frequency storage oscilloscope. A typ'lcal oscilloscope trace
of the slightly attenuated beam Is given In figure 2.7.
bandwidth of the osc III oscope was only 100 MHz,
duration

of

the

electronics.
one-to-one

was

pulse

Taking
Imaglng

this

extended

as

the

§

optics,

to

4

the recorded FWHM

ns

possible

worst

2.4.3,

by

the

case,

laser

the

Since the

was

internal

then

using

capable

of

"freezing" any motion at speeds of up to around 9 kms-'. In reality,
since the pulse was actually much shorter, the system probably had a
temporal

resolution of almost

a

factor

of ten greater

than

this

value.

2.3.2. Mach-Zehnder interferometry
The main field of Interest In this experimental work was the study
of

plasma-generated acoustic

media.

In atl

three states

waves

In

of matter,

gaseous,

liquid

and

solid

quantitative measurements

on

these transient acoustic waves were carried out using a Mach-Zehnder
Interferometer and the nitrogen-dye laser described In the previous
sect Ion.

By measuring changes

laser-Induced plasmas,

It

In

refract Ive

index around Nd:YAG-

was possible to calculate the pressures

associated with the passage of spherical acoustic waves

In various

sit uat Ions.
The Mach-Zehnder Interferometer was first employed in a pract Ical
application by Zehnder (1891) and Mach (1892), who both Independently
used the Instrument In the fields of ballistics and air jets. Since
these

pioneering

experiments,

the

basic

arrangement

has

been

continually refined and widely used in the visualisation of both suband supersonic flow of air around solid objects.
period,

the

In the post-war

instrument attracted much experimental and theoret Ical

attention In the study of supersonic air jets and aerodynamics by
workers such as Wlnckler (1948) and Bennett & Kahl
with Increasing Interest
fusion,

the

Mach-Zehnder

(1953).

Later,

In low-pressure Ionised gases and nuclear
arrangement

13

was

modified

for

use

as

a

FIGURE 2.7. Storage oscilloscope trace of the temporal profile for
the dye laser at a spark-gap voltage of 12.5 kV. Timebase: 10 ns/div.
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high-speed,
example,

high-resolution

et

Jahoda

deuterium

gas

al.

using

plasma-diagnostic

studied

a

large

a

tool.

theta-pinch

2.0-xl.0-m

In

plasma

mobi le

1964
in

for

ionised

interferometer

arrangement and a ruby-laser light source. In more recent times, with
the further development of sub-nanosecond-Iaser systems, a variety of
experiments

have

been

carried

out

with dl fferent

Chu et al.

probe and trigger beams.

(1978)

combinat ions

of

studied carbon-dioxide

laser-I nduced breakdown I n low-pressure hydrogen us Ing a Q-swl tched
ruby laser at 694 nm, while Bar-Avraham et al.

(1978) constructed an

interferometer with a nitrogen-laser source at 337 nm.

Furthermore,

In 1986 Kimura et al. used a pair of KrF-exclmer lasers to pre-Ionise
a gas-spark column and pump a dye laser operating at 393 nm. The dye
laser was then used as a light source for the standard Mach-Zehnder
Instrument. A similar approach was taken by Martin et al. (1987), who
used a carbon-dioxide laser to characterise high-Intensity dielectric
breakdown In low-pressure air at a wavelength of 10.6
The
shown

basic Mach-Zehnder
schematlcally

In

interferometer,

figure

2.8,

~m.

the outline

Is

a

of which

single-pass

is

amplltude-

splitting Instrument with widely separated test and reference beams
and a relatively large field of view. The optical set-up comprises a
pair of plane,
plane,

fully-reflecting

semi-reflecting

mirrors M,

beam-splltters

8,

and M2
and

and a

82,

pair

These

of

four

components, each of which Is allowed to rotate around both horizontal
and vert Ical axes, are normally arranged in the form of a rectangle
or paralle logram.

Light

from a point source S Is collimated by the

lens L, and passed to the first beam-splltter 8, which Is positioned
with

Its semi-silvered

face

towards

the source.

The two

resultant

beams are re-directed by the mirrors M, and M2 before being finally
brought back together at the second beam-splltter 8 2 whose reflective
face

lies

ensures

on

that

the

opposite

opt ical

Interferometer are

path

side

to

lengths

equal

by

through a beam-spll tter.

The

that

of 8,.

This

(OPLs)

of the

two

beam

to a

limiting each

recombined beam Is

arrangement
arms

of the

single

pass

focused down to a

point by the second lens L2 and viewed by the sensing device C.
When the four perfectly plane optical elements are inclined at the
same

angle

to

the

incident

parallel

light

beam,

viz.

45'

In

the

rectangular set-up, then the phase of the recombined beam Is constant
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a

c

b

~ -F

,

f1

-

FICURE 2.8 Basic Mach-Zehnder

Interferometer aligned to give

(n)

fringes of Infinite width and (b) localised fringes of finite width.
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across Its width and no Interference fringes are observed.

In this

situation, shown In figure 2.8(8), the notional fringes are said to
have an "Infinite width". Moreover, If the difference In OPL between
the two arms

Is an Integer mul t Iple N of the wavelength ). of the

Illuminating light, then constructive Interference occurs to produce
a single notional bright

fringe.

Destructive Interference, whereby

the output beam Is uniformly dark, arises from an arrangement where
the OPL difference Is equal to (N+t» •.
A series of straight fringes may be observed at the image plane by
tilting

the

final

beam-splltter

a

small

angle

from

its

Initial

position. The separation of the resulting fringes Is proportional to
the illuminating wavelength and Inversely proportional to the angle
of

tilt.

The

rotation,

fringe

vertical

vertical

axis,

fringes

etc.

parallel, the

orientation
When

Is

being

the

dependent

generated

recombined

upon

by

beams

the

rotation

axis

of

about

a

are arranged

Interference fringes are "localised" at

to

he

Infinity and

the sensing device C must be placed at the focal plane of the lens L2
to record them. Depending on the relative orientations of the flat
optical

elements,

real

or

virtual

fringes

may be formed

as

the

resulting plane of fringe localisation is shifted. Since the virtual
fringes cannot be lmaged by the lens L 2 , they are not useful In MachZehnder Interferometry.
The modified optical set-up used for the measurement of changes In
refractive Index Is shown In figure 2.8(b). The lens L2 Is positioned
such that

the

reflected object

plane

roughly halfway along the line M,B 2 •

FF'

for

the sensor C lies

In addition,

real fringes are

localised along the plane FF' by slight rotation of the mirror M, and
the beam-splltter B2 • Using a linear representation of the optical
arrangement, this means that the separated beams effectively cross In
space at FF'. The reference and test beams therefore travel along the
paths B,M 2 B 2 and B,M,B 2 ,

respectively. The sample to be tested is

placed with its central plane coincident with FF' and the Identical
compensating

sample

Is

placed

along

the

reference

arm

of

the

Interferometer.
The complete arrangement of the Interferometer and focusing optics
In the author's experimental work

Is shown In the main schemat Ic

diagram of figure 2. I. LI ght from t he dye I aser was red I rect ed by a

17

XIS plane mIrror and passed through a spatIal fIlter comprIsIng a x40
mIcroscope objectIve and a

pInhole. It was then collImated into

25-~m

fll.7

SUR

Interferometer.

On

a clean, parallel beam wIth a diameter of 25 mm by a 50-mm,
camera

lens before beIng allowed to enter the

emergIng from this opt Ical

system,

the

focused down to a point using a 135-mm,

recombined light

f12.8

beam was

telephoto camera lens.

The large aperture of the focusIng lens reduced both the size of the
dye-laser speckle and the depth of focus to acceptable values.
In order to obtain
measurements

of

straight interference fringes for

suf~lciently

refractIve-Index

change,

the

four

plane

optical

components used In the Mach-Zehnder Instrument were all manufactured
to a flatness of withIn X/IO, or about 50 nm, over their complete
surfaces.

Each optIcal

element,

wIth

a

diameter

of

lOO mm,

was

mounted In a rotation stage wIth horizontal and vertIcal degrees of
freedom.

Furthermore,

the

beam-splltter

was

B2

mounted

on

a

horizontal translation stage to give motion In a directIon parallel
to the opt Ical axis of the final focusing lens. This extra degree of
freedom

made

It

much

easIer

suffIcient precisIon. Finally,

to

alIgn

the

Interferometer

with

the OPLs travelled by the reference

and test beams In the beam-splltter glass were equalIsed by matching
the nominal 19-mm thickness of two splltters to wIthin a tolerance of
X/IO.

While removing the dIspersive effects which might arise with

wlder-linewidth light sources,

the thIckness matching also made It

easIer to set the instrument up by makIng the two OPLs In air very
nearly equal.
Since

It

was

necessary

to

equalise

the

to within the coherence

Interferometer arms
dye-laser radiation,

I.e.

10

~m,

OPLs

of

the

length of the

the alignment

two

pulsed

procedure for

the

optical system was based around three continuous-wave visIble-light
sources with a wide range of 1 inewldths.

These were a small

5-mW

He-Ne laser, a sodium dIscharge lamp and a white-light Incandescent
lamp with respective coherence lengths of about 300 mm, 600
~m.

~m

and I

The latter two extended lIght sources, when vIewed directly by an

observer, were enlarged and diffused by a translucent paper screen.
The Instrument was finely "tuned" by adjusting the optical components
to give high-contrast fringes with sources of successively shorter
coherence

length.

The

detaIled method
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by

whIch

all

the

optical

components were aligned Is described below.
After

positioning

optical bench,

the

nitrogen,

dye

and Nd:YAG

lasers

the dye-laser beam was directed along the

the bench at a constant height

using a

plane mirror.

on

the

length of

As shown

In

figure 2.1, the He-Ne laser was also Introduced Into the arrangement
wl th a

removable

ml rror

so as

to

beam.

For a

rectangular arrangement,

col inear al ignment

reproduce

the

dye

beam wl th
the

a

beam-

splltter B, was then placed at 45' to the unexpanded He-Ne beam and
the

laser-spot positions on the

vertical tilt of B,
transmitted
After

laser

laboratory walls were recorded.

was set to zero by ensuring the reflected and

spots were at

evaluating

the

required

the

same

were marked at
fal I.

Next,

points

upon which

the mirror /'I,

height

Interferometer

usually about 650 mm and 550 mm,

B,/'I2'

The

above

dimensions

respectively,

the emergent

was placed at

the

the

laser

bench.

B,/'I,

and

lab walls

beams

should

approximately the correct

position and a metre rule was used to measure the horizontal distance
between its reflected beam and that of B,.

Again,

the vert ical t II t

of /'I, was set to zero by measuring the height of the reflected laser
spot. The position of the mirror was then carefully adjusted so that
the distance between the reflected beams was equal
that

to B,/'I,

and so

the laser spot was coincident with the relevant marker point.

This procedure was repeated for
laboratory wall. The final

the second mirror /'1 2 using another

beam-splltter B2 was

Introduced onto the

bench with the centre of its semi-silvered surface at

the crossing

point of the two redirected beams. After removing any vertical tilt,
the horizontal orlentat ion of the beam-spl !tter was roughly al igned
to superimpose the reflected and transmitted beams at both outputs of
the

Instrument.

Good

He-Ne

fringes

were

then

easily

obtained

by

finely adjusting the rotational and translational stages on the final
beam-splitter support.
The

next

extended

light

Incandescent
was

stage

of al ignment

sources

the

Involved

the

use

of

SOdium-discharge

lamp

lamp. After removing the He-Ne mirror,

Introduced at

the

second Mach-Zehnder

input

the

pair
and

of
the

the sodium lamp

with a

diffusing

screen. Although the extended sodium source would have given circular
fringes

If

the

OPL

difference

between

the

two

arms

of

the

Interferometer had been sufficiently great, this was not usually the
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case and plane fringes were vIewed along eIther output straIght away.
After obtaIning narrow vertIcal frInges by slIghtly tiltIng the beamsplltter B2

if necessary,

the OPL dIfference was again varied by

shIfting the component carefully along Its translation stage. Motion
of B2 towards H2 caused the OPL of the reference arm to decrease and
that

of the sample

difference
across

arm

positively.

the

field

to

In

Increase,

thIs

way

of view of the

thereby

the

plane

Instrument

Increasing
fringes
unt 11

the

were

the

OPL

moved

region of

highest contrast and lowest OPL difference was found. At this point,
white

light

Illuminate

from

the

the

Incandescent

translucent

extremely slowly until

screen.

white-light

source

was

also

The x-traverse was

allowed

to

then moved

fringes appeared on top of the

sodium fringes and the path-length difference was reduced to about a
mlcrometre.

Since the naked eye

tended to

focus

on Infinity,

the

resulting real fringe pattern was normally localised at a point well
behind the light source.
Before

carrying

out

the

fringe-localisation

procedure,

the

unexpanded He-Ne-laser beam was used to align the remainder of the
optical components of the arrangement. Firstly the video Image sensor
was placed at one output of the Interferometer and Its focusing lens
was positioned along the optical axis. It was then possible to use a
combination of the video system and the scattered He-Ne

light

to

adjust the position of the Nd:YAG laser and its focusing optics to
give breakdown In the middle of the sample beam. Finally the spatial
filter and collimating lens were each placed between the laser-light
sources and the beam-splltter B2 to give an expanded field of view.
The white-light Interference fringes' were localised at the object
plane of the Instrument using the naked eye and the real-time video
system by very fine adjustments to the rotations of the elements H,
and B 2 • By gradually enlarging the aperture and therefore reducing
the depth of focus of the Imaglng lens,

It was possible to obtain

fringes of successively better contrast at

the correct point along

the

line H,B 2 • The orientation and separation of these localised
fringes were then optlmlsed by further delicate adjustments to H, and
B2 .

The compensating and test samples were correctly positioned In the
Interferometer arms using the He-Ne laser for
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Illumination and the

video

system

for

perpendicular
resultant
fringes

to

He-Ne

were

viewing.
the

reference

fringe

then

The

samples
and

test

dlsplacements.

re-localised

at

were

the

each

beams

If

by

orientated

checking

possible,

central

the

white-light

plane

of

the

test

sample and the fringe width and t lit were adjusted accordingly.
the end of this procedure,

the

At

Interferometer had been aligned to

give well-localised dye-laser fringes. The four types of Interference
fringe

In

2.9(a)-(d);

the

vert Ically aligned

horizontal

Instrument

are

shown

line profiles of the normalised

In

figures

Intensltles

are given In figure 2.9(e). The spacing of the dye-laser fringes In
this case was 480 pm, which corresponded to an angle of tilt of only

0.5 mrad. Since the radlatlons from the He-Ne and dye

lasers were

well collimated, the actual Intensity of light arising at the sensing
device with the other two light sources was much smaller.
As mentioned previously, the OPL difference between the sample and
reference arms

of

the

Interferometer was

Increased

moving the beam-splltter 8 2 towards the mirror M2

•

positively by

For the sake of

consistency, the instrument was always arranged such that this motion
caused the fringes to be displaced to the right when viewed from the
Image sensor shown In figure 2.1.

It therefore followed that fringe

shifts to the right corresponded to Increases In refractive Index and
pressure In the test arm, whilst
decreases.
above,
neutral

was

Moreover,
always

the

final

tilted

In

those to the left corresponded to

beam-splltter,
an

position to produce this

anticlockwise
result.

when

looked at

direction

from

from

Its

The methods by which the

resulting Mach-Zehnder Interferograms were analysed Is discussed more
fu 11 y In § 2.5.

2.3.3. Focused shadowgraphy
Whereas the Mach-Zehnder arrangement was very useful when carrying
out

detailed

quantitative

plasma-generated

t echn I que was
dimension.

events,

conven lent

studies
the

for

of

changes
basic

more

simple

In

pressure

around

focused-shadowgraphy

measurements

of posit Ion and

Since this method relied on the variable refract Ion of

light In media of different refractive Index n at distances yacross
the field of view of the system,
calculate changes

In pressure

It was

from
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the

theoretically possible to
result Ing shadowgraphs.

In

I

,

b

2

J

5

4

,
,I

6

7

B

9

FIGURE 2.9 LocalIsed Mach-Zehnder Interference fringes with dl fferent
light

sources:

(a)

lamp and (d) dye

He-Ne

laser.

laser,
(e)

(b)

sodium lamp,

Normalised horizontal

the above Images.

22

(c)

Incandescent

line profiles of

actual fact,

however,

the varlat Ions In light

a'n/ay'

Images, being proportional to
were

not

sufficiently

Nevertheless,

great

to

Intensity across the

for a two-dimensional object,
obtain

satisfactory

results.

the shadowgraphs were particularly easy to

Interpret

because the areas suffering rapid changes In refract ive Index were
clearly highlighted.
Since

the

first

scientific analysis of the

method of

focused

shadowgraphy by Dvorak (1880), the arrangement has been widely used
In the study of shock and acoustic waves In gases, often In the field
of supersonic aerodynamics.

The

technique

has

more recent Iy been

applied to the propagation of acoustic waves In transparent liquids
and

solids,

most

interactions

notably

in

the

important

with condensed matter.

field

Spherical

of

laser-beam

acoust I c

transients

were generated and photographed In water by Bell & Landt (1967) and
Carome et al.

(1967) using Q-swltched Nd:YAC and ruby lasers.

The

shadowgraph arrangement was also used by Emmony et al. (1983) in the
nitrogen-laser photography of CO,-Iaser-generated ultrasonic waves at
water surfaces.

In addi t ion, Schmalz et al.

(1986) have used dye-

laser shadowgraphy in the study of iodine-laser-induced shock waves
In plastic solids at a wavelength of 1.3
The Ideal opt Ical arrangement
schematically

In

figure

viewed

at

the

perpendicular
coincident

Image
to

with

for focused shadowgraphy Is shown
Light

2.10.
lens L"

collimated by the first

sensor

the

parallel

the

object

~m.

from

a

point

source

S

is

focused down by second lens L, and

C.

The

light
plane

test

specimen T

beam with
of

the

is

its central

lens

L,.

placed
plane

Changes

In

refractive Index, density and pressure within the test specimen cause
the collimated beam to be deflected away from the optical axis giving
r I se to dark areas on the resul t I ng shadowgraph. The areas of low
Intensity correspond to regions in the test sample with high rates of
refractive-Index change.
The practical

the

Mach-Zehnder

realisation of this arrangement was achieved using

and

nitrogen-dye

systems

of

figure

2.1.

Light

travelling along the reference arm B,M,B, of the Interferometer was
blocked out using a paper screen to give a single transient dye-laser
probe beam.

Images were recorded and processed using the CCD video

camera, the frame store and the personal computer as described In §
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FIGURE 2.10. Optical arrangement for focused shadowgraphy.

L,

<=0
I

FIGURE 2.11. Optical arrangement for schlleren photography.
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2.4.

If

necessary,

subtracting the

t he

stored shadowgraphs were

background

light

signals and

then enhanced by

Increasing the

Image

contrast.

2.3.4. Schlieren photography
I n cases where focused shadowgraphy was

I risuffl c i ent I y respons I ve

to produce significant changes In Intensity across the image plane,
another qualltat Ive measurement

technique was employed Instead. The

schlleren method, although similar to shadowgraphy,

Involved removal

of the undlffracted zeroth-order light beam and as such was much more
sensitive to small changes In refractive Index. The resultant
Intensity at

the

Image plane was proportional

the

first

light

derivative

an/ay of the refract Ive Index n at distances y across the object
plane.
The

so-called

Toepler

(1864)

"knife-edge"

schlleren method was

first

used

by

In the visualisation of compressible

flows

and has

since been used In numerous heat-transfer and gas-flow applications.
The optical arrangement has also been used by several authors In the
field

of

laser-Induced

acoustic

(1971) and Emmony et al.

waves

In

liquids.

Fellx

&

Ellis

(1976) both used a xenon flashtube as the

light source when studying Nd:YAG- and CO 2 -laser-generated waves In a
range of transparent liquids. Recent Iy, Vogel et al.
a

(1989) employed

fJashlamp spark and a drum camera when studying the dynamics of

ruby-laser-Induced

cavitation

bubbles

In

water.

propagation of bulk and surface acoustic waves
crown glass has been visualised by Hall

In addition,

the

In fused quartz and

(1982) using a stroboscoplc

schlleren technique.
The

schematic

set-up

of

optical

components

for

schlieren

photography Is shown In figure 2.11 In which the angle of a typically
diffracted ray Is exaggerated for clarity. Although the arrangement
Is similar to that used In focused shadowgraphy, the Introduction of
the

razor blade R at

modifies
filter

by

the

output

removing

the

back focal

considerably.
the

main

plane of the second

The

blade

collimated

upwardly-deflected higher-order

light

acts

as

beam whilst

rays

to

pass.

a

lens

high-pass

allowing
The

L2

the

brightest

areas on the resulting photographs therefore correspond to regions In
the

test

specimen where

the gradient
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of refract Ive

Index

Is

most

pronounced.
As described previously for focused shadowgraphy, the schlleren
arrangement

was

formed by blocking out

Interferometer and using the

the

reference arm of the

rest of the apparatus as normal.

In

addition, however, the aforementioned razor blade was placed between
the video camera and the SLR focusing lens. The blade was accurately
positioned at the back focal plane of the lens using the contlnuouswave He-Ne beam for alignment
constant
from

and an x-y translation stage.

background dl ffract Ion pattern,

dust

particles

on

the

optical

The

arising as It mostly did
elements,

was

removed

by

subtracting a pre-recorded neutral signal using the personal computer
and frame store. This had the effect of significantly reducing the
random noise on the light Intensity across the schlleren photographs.
2.4. Video lmaglng and data acquisition

2.4.1. Operation of video system
Convent lonal high-speed photographic techniques have been widely
used In various fields of flow visualisation for many years. Although
extremely

good

experienced

high-definition

worker,

the

pictures

methods

do

may

suffer

be

produced

from

several

by

the

serious

drawbacks which limit their range of application. In addition to the
time delays associated with developing and printing the photographs,
problems are also encountered during the processing and evaluation of
the experimental data.

Unless the resulting Images are previously

digitised using a scanning photodlode, for example, all measurements
must be carried out manually without
significantly. Increases

the

time

the aid of a computer.

required

to

obtain

This

meaningful

Information, and limits the rate at which data may be generated.
With the advent of modern solid-state Imaglng microchips such as
the charge-coupled device, or CCD, these problems have been largely
overcome. When used In conjunct Ion with a digital frame store,

the

device

Images

for

Although

the

Is

subsequent

capable

of

permanent

capturing
storage

In

detailed

transient

computer

memory.

resolution-of commercially-available CCDs Is much less than that of
conventional
simple

photographic film,

optical

systems

small

to achieve

resulting video pictures are,

objects may be

lmaged using

reasonable magnifications.

The

by their very nature, already In a
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format Immediately conducive to digital Image processing.
As mentioned earlier In § 2.3, the vldeo-Imaglng system Is also an
extremely useful tool during the final alignment of the Mach-Zehnder
Interferometer
real-time
delicate

and

mode

the

under

schlleren

knife-edge.

He-Ne-Iaser

adjustments

to

the

or

optical

otherwise prove very difficult,

When

used

In

its

white-light

1.llumlnatlon,

arrangement,

which

would

become relatively straightforward.

Furthermore, when the system Is used In storage mode, with plasma
after plasma being simultaneously generated and viewed, the relevant
spatial and temporal parameters of the transient event may easily be
established. In summary, the substitution of a normal SUR camera by a
computer-controlled video system considerably reduces the time and
effort

required

to

set

up

and

perform

an

optical

diagnostic

experiment of this type.
The main components of the video system are shown In schematic form
In figure 2.12. The whole Image-capture routine Is Initialised from
the

trigger

box,

automatic mode.

which

may

Itself be

used

In

either

manual

or

Images are kept temporarily In the frame store and

displayed on the video monitor before being stored permanently on
disc or tape using the personal computer.

2.4.2. CCD video Camera
A CCD video camera contains an Integrated circuit onto which a twodimensional array of light-sensitive picture elements, or plxels, has
been

deposited.

wavelength,

each

When

Illuminated

with

radiation

plxel

generates

tiny

electrical

a

of

suitable

charge

whose

magnitude Is proportional to the Incident-light Intensity. At the end
of each Integrating period, this stored charge Is removed from each
plxel location using a technique known as charge coupling whereby a
controlled potential gradient Is set up within the device. This is
achieved

by simultaneously altering

the

voltages

of

neighbouring

electrodes such that a tiny current Is generated In the appropriate
direction.
Throughout most of the experimental work described In this thesis,
an NEC type TI-22C II monochrome CCD camera was used as the lmagesensing device. This solid-state video camera operated at the 50-Hz
mains frequency with an Inter-field time between successive Images of
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Detailed schematic diagram of

storage system.
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the video

Imaglng and

20

ms.

In

order

to

television format,

conform

the

standard

625-llne

Interlaced

the CCD microchip was manufactured as a 427-x582-

array of square plxels,
system,

to

each with sides of length 16 /lm.

each 40-ms frame was made up of two consecut Ive

In this

fie Ids of

data,

the first of which was recorded using plxels on odd-numbered

lines

and

the second of which was

numbered

lines.

half-plxel

This

shift

resulted

between

In

recorded using

the

odd-

and

those

Introduction of a
even-numbered

on evenso-cal led

20-ms

fields.

Although this small vertical displacement did not affect measurements
within a

particular

stored

Image,

It

did

have

to

be

taken

Into

account when comparing fields captured at unknown relative times.
The charge-coupling method by which the stored data were moved from
this particular Image sensor Is referred to as
because the horizontal
read-out
around

register

18

ms

for

required event

In

Inter-line transfer,

lines of charge were sent

before
each
the

ampl I flcat Ion.
picture,

first

2

It
ms

Since

was

one by one

this

necessary

of each

process
to

20-ms

to a
lasted

capture

field.

This

the
was

achieved using the trigger circuitry which Is fully described In the
following
short

section.

pulse of

When

light

synchronously

from a

dye

capable of capturing ult ra-fast

Illuminated

laser,

events

the

by an extremely

camera was

for subsequent

therefore

dlgl t I sat Ion

and storage.
Although the senslt Ivlty of the CCD unit was significant over a
range of wavelengths of Incident radiation between 400 and 1100 nm,
the spectral-response curve of the device was highly non-linear In
this region. Maximum sensitivity occurred within a range 700 to 900
nm, which Is In the near-Infrared part of the spectrum. As described
respectively In § 2.3.1 and § 2.2.1, the wavelengths of light emitted
by

the

dye

Consequent Iy,

and

Nd:YAC

lasers

were

circa

500

these two wavelengths affected the

roughly similar amounts despite
naked eye. As a result,

the

latter being

and

1000

nm.

Imaglng sensor by
Invisible

when operating with the dye laser,

to

the

It was

necessary to remove the scattered Nd:YAC radiation from the Incident
light beam using a narrow-bandwidth Interference filter. The closest
commercially-available type was an argon-Ion-Iaser filter with a peak
transmittance of 60 % at a wavelength of 514 nm and a full-wave halfmaximum bandwidth of 8 nm. This arrangement had the added advantage
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of rejecting all but a small proportion of the background white light
which would otherwise have

reduced the contrast

of the

resulting

pictures.
When

switching

between

sodium,

incandescent,

He-Ne-laser

and

dye-laser light sources, the Intensity of light falling on the Image
sensor varied considerably.
signal

was

kept

within

In this situation, the resulting video

reasonable

automat ic gain control,

or AGC,

monitored

the

average

light

adjusted

the

signal

amplification

limits

by

the

action

of

an

within the camera. This circuitry

Intensity

across

the

accordingly.

CCD
When

unit

and

absolute

measurements of Intensity were .to be made, the AGC was disabled on
the mother board and the amplifier gain was returned to a constant
pre-set value. This also had the effect of Improving the slgnal-tonoise ratio on the output video signal to a typical value of 50 dB.
The composite analogue signal given out by the CCD video camera Is
shown

In

the

upper

osc III oscope

t races

of

fl gure

2.13.

On each

tlmescale, the actual video-picture signal Is shown at the top of the
photograph while the synchronisation (I.e. sync) pulses appear below
the background video level. These two separate components went
make up the final
frame store.

to

1.0-V peak-to-peak signal which was fed to the

In figure 2.13(a), where the t Imebase was arranged to

give several 20-ms fields across the screen, the 500-l's field-sync
pulses are clearly visible. For Image capture using the digital frame
store,

It was these negative-going pulses which acted as references

against which all timing delays were made. The same signal Is shown
on a much faster tlmescale In figure 2.13(b), where three 64-l's lines
of analogue video data were fitted across the photograph. Each Image
field was made up of 312.5 similar lines, each with a 6-l's line-sync
pulse. These shorter timing pulses were not used by the frame store
and had therefore to be Ignored by the frame-grabbing apparatus.

2.4.3. Digital frame store
Throughout most of the experimental work described In this thesis,
phenomena arising as a result

of plasma generation occurred on a

t Imescale of perhaps tens of milliseconds. Even the most

prolonged

cavitation events described In chapter five were completed within a
millisecond or so. Since the framing rate of the NEC video camera was

30

FIGURE 2.13. Oscilloscope traces of the signal from the video camera
and the stripped sync pUlses .. Upper amplitude:

200 mV/dlv;

lower

amplitude 5 V/div. (a) 20-ms fields of data. Timebase: 5 ms/div. (b)

64-ps lines of data. Tlmebase: 20 ps/div.
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only 50 Hz, It was clearly not possible to take multiple pictures of
a

single

event

using

the

same

CCD

Image

sensor.

Instead,

the

apparatus was arranged to give many extremely reproducible events,
each

of which

was

photographed

once

at

a

unique

stage

In

Its

development. To achieve this outcome, It was necessary to capture and
retain a single 20-ms field of Information from the video camera at a
well-defined point In time using a so-called digital frame store.
The part Icular device used by the author was an Elt Ime Image "I
digital monochrome

frame store with a

total

of 1536 kb of I-bit

dynamic random-access memory, or RAM. Since the device was normally
used to capture and store a 20-ms half-frame of data,

It was,

In

fact, more precisely termed a digital field store. The memory board
was spIlt

Into six

comprising four

Identical

planes of Integrated circuits,

64-kb dynamic RAM microchips,

each

and each of which

behaved as a distinct I-bit field store. The six planes were arranged
In parallel to give a single 256-kb 6-blt memory-storage area with a
corresponding grey-scale resolution of 64. By altering the positions
of various

jumper

leads on the

board,

the

resolution of picture

elements within this storage area was hardware-selectable. Although a
maximum resolution of 512x512 plxels was obtainable when using the
complete 256 kb as a single frame

store,

the system was usually

operated as four separate 64-kb field stores, each with a resolution
of 256x256. The lower-resolution set-up was more convenient since It
allowed all Image- processing routines to be carried out in situ by
simultaneously accessing several different stores.
object

with

arrangement

the

CCD

resulted

camera
In

at

one-to-one

effective

horizontal

When viewing an

magnification,
and

vertical

this
plxel

separations of 36 and 26 pm, respectively.
The

digital

frame

store

was

linked

to

the

cont ro III ng

microprocessor via an Interface card which slotted Into an expansion
port at the rear of the computer. Individual plxels within the store
were accessed from the computer by reading their x and y co-ordinates
Into specific address latches and Instructing the store to execute
read or write operations.

In the lower-resolution mode, where each

such operation lasted 1.6 ps,

the total

time required to read or

write a complete field of data was only about 100 ms. Unfortunately,
however, the time taken by the computer to send the relevant commands
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to the frame store was at least an order of magnl tude greater than
this value. In 256-mode, the RAM circuitry within the frame store was
arranged such that the top-left and bottom-right plxels In each of
the four storage areas were referenced using the co-ordinates [0,01
and [255,2551, respectively.
During an externally-Initiated transient field snatch, the Incoming
1.0-V video Signal was synchronised to the Image III frame store by
the application of a 150-ps negative-going TTL voltage pulse from the
master trigger box, see § 2.4.4.

This pulse Instructed the

Image-

capture circuitry to accept the next complete field of data reaching
it.

Before subsequent storage In a 64-kb area of RAM,

this video

field was passed through a 6-bit analogue-to-digltal converter with a
sampling frequency of 5 MHz. The reconstructed outgoing video signal
underwent a similar 6-blt dlgltal-to-analogue conversion before being
displayed on a monitor.

2.4.4. Master trigger circuitry
In order to photograph the extremely fast

events associated with

the evolution of laser-Induced plasmas using a video system,

It was

necessary to employ a very accurate and consistent timing sequence to
synchronise
apparatus.

the
Since

two

lasers

with

respect

the

timing

requirements

to
were

the

field-snatch

specific

to

the

comblnat Ion of equipment used, it was only possible to achieve this
aim by designing and constructing a
system.

Taking

Its

cue

from

the

unique

50-Hz

trigger

field-sync

box

pulses

for

the

In

the

analogue video signal, the trigger circuitry firstly Initialised the
frame store, secondly fired the Nd:YAG laser to start the event, and
thirdly fired the nitrogen laser to take the picture. In order that
the

plasma-generated

event

could

be

viewed

at

different

stages

throughout Its lifetime, the temporal delay between the firing of the
two lasers was arranged to be variable.

In addition, various other

features, Including a double-pulse facility, were Introduced Into the
clrcul t.
In this section the general relationship between the custom-built

trigger circuitry and the system timing conditions is discussed. A
block diagram of the main components of the circuit
figure

2.14.

However,

a

more

comprehensive
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Is given

description

of

in
the

Annlogue video signal

Test

p~lnt

Test point

Nantlal

One-shot

Jlush-button

timer

LT

7-ms

Secondary
pulse

FT

...

20-ms

IlK

delay

,..

20-nl5 delay

delay

s,·

IOR-pIII

delay

Varlilble
delay

Inv~rter

Secnnclary
pulse

Dr
FrDfDO store

s,'

)7-1'5
delay

Ampll rler

Nitrogen-laser -res-

Nltrng~n-Iaser

FICURE 2.14. Block diagram of the trigger-box circuitry.
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-'nw-

electronic layout of the trigger box Including a

detailed circuit

diagram may be found in § Al.
As shown In figure 2.14, the raw video signal from the CCD camera
was split Into two parts, the first of which was fed directly Into
the frame store,

and the second of which was sent

circuit. The signal

received by the box was

to the trigger

Immediately Inverted,

amplified and Integrated so that the field-sync pulses stood out from
the analogue video Information and the shorter line-sync pulses.

It

was then passed through an Inverting comparator which allowed only a
certain voltage to pass. In this way, the required 20-ms sync markers
were stripped from the Incoming analogue signal and presented as a
digitised series of 5.0-V negative-going pulses, as displayed In the
lower oscilloscope trace of figure 2.13(s). Since the amount of light
reaching the Image sensor varied considerably from source to source,
these two distinct procedures were continually monitored at the test
points using a dual-beam cathode-ray oscilloscope.
The Image-capture and laser-firing routines were Initiated either
manually or automatically via a D-type flip-flop using the field-sync
markers as clock pulses. Data presented at the D-Input of the f1 ipflop during any 20-ms field were subsequently transferred to the rest
of

the

circuit

at

the

start

of the

next

field.

Whereas

manual

operation was achieved by the simple use of a push-button switch to
provide a single voltage pulse at the D-Input, automatic operation
required a timer chip to provide a continuous train of TTL pulses. In
the latter case, by varying the bias reslstances on the timer inputs,
the spacing of the pulses 'was chosen to range from about 0.5 to 2.0
s. In manual mode, therefore, an event was generated and photographed
each

time a

button was

depressed;

in automatic mode,

events were

continually generated and photographed.
AI though the CCD camera used

in the author's work was of the

I ine-transfer type where each image was captured and passed to the
frame

store

in

the

same

20-ms

field,

the

trigger box was

also

designed to be compatible with a frame-transfer device in which the
image was stored for an extra 20 ms before being given out

In the

video signal. in the case of the line-transfer CCD, a 20-ms one-field
delay was Introduced before the firing of the lasers while a 7-ms
delay was given to the frame-store pulse. This meant that the frame
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store was

Initialised about

field and that

one-third of the way

the event was generated right

following field.

at

through a
the start

20-ms
of the

This timing arrangement was necessary because the

frame store only reacted at

the beginning of the second field and

also because the camera requl red most

of the 20 ms to unload the

picture. For the frame-transfer CCD, the triggering of both the frame
store and the lasers occurred at about the same time, I.e. 7 ms Into
a

field.

This

sequence

containing the relevant
the

event

was

possible

because

Information was read out

took place.

Furthermore,

the

the

video

signal

In the field after

frame-transfer device

required around 2 ms to unload a complete field of data,

only

leaving the

remaining 18 ms for Image capture.
Leavl ng as I de for the moment the doubl e-pul se and h Igh-reso I ut Ion
options available In the circuit, we see that
was

passed direct Iy through an

Inverter

the frame-store pulse

before

external Input of the store. This meant that a

being sent

150-~s

to

the

negative-going

TTL pulse was applied to the frame store, as required. After Its 7or 20-ms delay, the laser pulse was spilt Into two parts which were
used to fire either of the Nd:YAG and nitrogen lasers.
signal

was

passed

through

an

amplifier

to

give

a

The Nd:YAG

lOO-ms,

12-V

outgoing pulse, while the nitrogen signal was subjected to a further
delay of about 108

~s.

This figure arose as a result of the Internal

delays between triggering and firing which occurred In both of the
laser systems. After then being given a further variable delay of up
to 1.5 ms, the nitrogen signal was spilt once more. Whereas the first
branch was Immediately amplified and passed to the nltrogen-nreg n
Input, the second was delayed by a further 37 ~s before being Itself
amplified and passed to the nltrogen-nlow n Input. As described In §
2.3.1, the two resulting

5-~s,

5-V pulses were required to reduce the

temporal jltter In the nitrogen-laser output to a reasonable level.
During an experimental

run where the position of the sample was

being altered from shot to shot, In addition to capturing an Image of
the plasma event

as

It

occurred,

It

was also necessary to take a

picture of the undisturbed object after the event

took place. When

used In conjunction with the controlling PC (§ 2.4.5), this procedure
was automatically carried out by the double-pulse facility within the
trigger box. As shown In figure 2.14,
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the optional

extra pulse was

applied to the frame-store and nitrogen-laser external

Inputs,

the

background Image being dumped Into a separate store from that of the
main event. Since It was usually necessary to carry out some kind of
Image processing with the two stored pictures, the problem of halfplxel

shift

was

eliminated

by

Imposing a

40-ms

one-frame

delay

between the two field snatches.
When using the video recorder to permanently save the pseudo-realtime pictures kept
necessary

to

In the Image III frame store (§ 2.4.6),

generate

an

outgoing

interlaced

video

It was

signal

by

operating the store In Its high-resolution frame-grabbing mode. Since
the framing rate of the CCD camera was only 25 Hz,

this arrangement

required an extra one-field delay between the triggering of the frame
store and the two lasers. This optional feature was therefore added
direct Iy before

the

separat Ion of the Nd:YAG- and nitrogen-laser

branches within the trigger circuitry.

2.4.5. Computer hardware and software
The controlling device for the digital frame store was an Amstrad
PC1512SD personal computer with a 360-kb 5*-lnch floppy-disc drive to
which a fixed 20-Mb Winchester hard disc was also added. The computer
was based around standard 8086 16-blt microprocessor technology with
a random-access system memory of 512 kb. As mentioned In § 2.4.3, the
device

was

connected

to

the

frame

store

via an

external

16-blt

expansion board at the back of the computer. This Involved the use of
a pre-set l-kb block of computer memory within the address range of
the microprocessor.
In order to avoid the problems associated with the use of lowerlevel computer languages, the main software used to communicate with
the frame store was written and compiled using Turbo Pascal. Although
software written using 8086 assembly language would have been capable
of accessing the store at about four times the rate possible by the
high-level language, this would not have resulted In much time being
saved

because

the

system was

necessarily manually operated.

For

Instance, the total time needed to copy the contents of one of the
four 256-x256-resolutlon field stores to another was around 12 s
the

compiled

Turbo-Pascal

routine.

When

compared

with

the

in

time

required by the user to order and present the correct Information to
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the computer, this was not particularly great. Furthermore, by using
the

Turbo-Pascal

display

the

graphics

processed

package,

data

In

a

It

became

variety

of

straightforward
formats

which

to

would

otherwise have taken a considerable time to arrange.
The main Turbo-Pascal program FRINGE.PAS was written as a series of
menu-driven modules of related routines known as

Include flies.

In

addition to making the program more easily readable and accessible,
this method of working allowed the Turbo Editor to handle programs
wl th source codes

larger than

During compllat Ion to disc,

I ts normal

64-kb memory allocat Ion.

the separate modules were automat Ically

joined together to give a single machine-language program FRINGE.COM.
Moreover,
memory,

In order to accommodate the complete program In computer

an overlay system was employed whereby a

series

of

large

procedures were arranged to share the same port Ion of memory.
called from the main program,
automatically

loaded

Into a

a

When

part Icular overlaid procedure was

pre-deflned area within the

computer-

memory map before being run as normal. This resulted In a significant
saving In computer RAM, allowing a large and comprehensive program to
be built up.
The

scheme

by which

the

frame

store

was

controlled

from

the

microprocessor was centred around a l-kb area of computer memory with
a hexadecimal base address of 300. A total of eleven registers were
required
addresses

to

Initialise

and

access

store

at

a specific

Involved sending appropriate numbers

field

with

decimal

Other

stores

registers were
and

to

carry

required

out

location within the

to X and Y co-ordinate

registers and subsequently sending signals
latches.

fully,

In the range 768 to 783. The procedure whereby a read or

write operation was carried out
store

the

to

read-write and data

to select

real-time

field

one of the
snatches.

four

Before

ope rat Ing the store, the resolut Ion of the system and the format of
the outgoing video signal were each established by moving a series of
numbers to the so-called CRT-controller registers.

By adjusting the

values sent to these registers, It was possible to display the stored
Images at any point on the video monitor.
The program FRINGE was based around a

series of short

rout Ines

which were used to view, copy and permanently save the stored Images.
Using these facilities, It was possible to save each 64-kb picture to
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eIther

floppy or hard dIsc,

holdIng

about

150

fIles

the

when

latter of whIch was capable of

typIcally half

full.

Around

these

routInes were buIlt more elaborate procedures to calIbrate, profile
and measure dIstances or angles wIthIn a sIngle store, and to add,
subtract and sequence the contents of two or more stores.
Most

of

the

pIctures

taken

In

the

course

of

the

author's

experImental work were In the form of Interferograms, shadowgraphs or
schlleren photographs. The maIn part

of the computer program was

therefore Involved with extract Ing the Informat Ion contaIned withIn
these dIgItally-recorded Images and carryIng out calculatIons on the
retrIeved

data.

In

each

of

the

three

optIcal

arrangements,

a

manually-controlled semI-automatIc procedure was employed to perform
these operatIons.
The evaluatIon of results obtaIned usIng the InterferometrIc set-up
Involved the use of Abel-Inverslon technIques, a fuller account of
whIch

Is

gIven

In § 2.5.2

and §

2.5.4.

In

the

schlleren optIcal arrangements, on the other hand,
enhance

the

recorded

Image

shadowraph

and

It was usual to

by sImply subtractIng the

background

sIgnal. Measurements of acoustIc-wave posItIon and so forth were then
enacted from the keyboard usIng cursors. In the study of cavltatlonbubble dynamIcs, vIz. chapter fIve, the apposIte area of the enhanced
Image was converted to bInary after whIch calculatIons of bubble sIze
and posItIon were automatIcally carrIed out. A typIcal shadowgraph of
a laser-Induced bubble near a horIzontal solId boundary Is shown In
figure 2.15(s). The enhanced Image, figure 2.15(b). was obtaIned by
fIndIng the dIfference between shadowgraphs taken during and after
the event, figures 2.15(s) and (c), respectIvely. The bInary Image,
fIgure 2.15(d), was generated dIrectly from the enhanced shadowgraph.
The

cursor

In

thIs

example

marks

the

poInt

from

whIch

all

measurements were made, I.e. the spot at whIch the InItIal bubble was
formed.
The double-pulse
Image-capture

facilIty,

routIne

whereby

as

referred to

Images

of

the

In § 2.4.4,
event

and

waS an
of

the

background were snatched on success Ive 40-ms frames of the vIdeo
camera. After the InItIatIon of an event from the trIgger box, the
computer software was responsIble

for swItchIng between stores to

record the second pIcture and then swItchIng back.
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(c)

cavitat ion
1 mm.

background and
bubble

close

to

(d)

a

trigger ct'rcultry In Its automatic mode, It was possible to carry out
these ope rat Ions In a pseudo-real-t Ime sltuat Ion where a series of
pictures were continually being generated.
Apart

from

the

aforementioned

procedures,

the

program

FRINGE

contained a collection of other routines which were used to rotate,
reflect and transversely shift the contents of a store.
particularly
horizontal

useful

when

the

Interferometer

was

set

These were
up

to

give

fringes across the field of view. For an Image with low

contrast, It was also possible to expand the grey-scale range to fill
all

the available 64 levels or to magnl fy the

Image to study fine

detail. In addition, when recording real-time Images of objects under
continuous-wave

Illumination,

the

keyboard-controlled

field

snatch

was more convenient than the externally-triggered equivalent.

2.4.6. Sundries
As an alternative to saving suitable pictures directly to disc from
the frame store,

It was also possible to operate the system using a

video recorder as a temporary storage device. In this arrangement, as
Indicated In figure 2.12,

the pseudo-real-tlme signal given out by

the frame store was continuously recorded before being passed on to a
video monitor for display. This considerably Increased the rate at
which pictures could be generated by removing the need to repeatedly
access the hard- or floppy-disc drives within the computer during an
experimental run.
at

a

later

It was then possible to return to the frame store

stage

and carry out

real-time

field

snatches

on

the

represent at Ion of

the

recorded data.
In order
picture

to attain an accurate

within

Super-Beta video

the

frame

analogue

store,

a

high-quality

Sony

SL-HF950

recorder and Sony PRO-XH cassettes were

used

to

record the Incoming video signal. Since the recording device required
a standard Interlaced television signal to function properly,
necessary to operate the frame store

It was

In Its high-resolution frame-

grabbing mode In this arrangement. This Involved the development of
anot her short

Turbo-Pasca I

program HI GARES. PAS,

wh I ch was

used to

Initialise and access the store. Since each event was only captured
during a

single

20-ms

field,

useful

alternate

lines of the resulting 512-x512-resolutlon pictures,
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data were

only displayed on
the

remaining lines being blank.
Informat Ion was retrieved from the Interlaced video recording by
carrying out

real-time

low-resolution

mode.

television

the

to

field snatches

This

was

to

achieved

radio-frequency output

the
by

frame

store

connecting

of

the

Sony

a

In

Its

normal

Super-Beta

whilst connecting the frame store to Its video output. As normal when
handling the Image I" store In field-grabbing mode,
video

signal

was

continually

viewed

using

an

the snatched

Apple

monochrome

monitor. Due to the random nature of the field-grabbing operation,
there was an equal probablll ty of successful and unsuccessful Image
captures.

It was therefore somet Imes neccessary to carry out more

than one snatch before obtaining the Information as required.
In order to obtain hard copies of the digitally stored pictures,
two

separate

Mltsublshl

video

printers

were

available.

Video-Copy Processor model

The

P60B thermal

first

was

a

device with a

grey-scale resolut Ion of 16; the second was a 3M Dry-Silver Imager
with a resolution of 64. Although the former printer suffered from a
relatively low number of Intensity gradations,

It was significantly

easier to set up and operate than the Dry-Silver device. Hard copies
of graphical results from the program FRINGE were generated using a
Sperry model P1SFA dot-matrix printer.
Since a large number of 64-kb video-Image files were produced In a
typical

experimental

run,

It

was

Impractical

to

store

them all

permanently on floppy disc. To overcome this problem, the files were
Initially saved to the Winchester disc before being transferred to a
Jumbo model ICE-I0 external Tape Backup System. It was then possible
to restore particular files to disc for Image processing at a later
stage. When operated with 3M DC-2000 40-Mb mini data cartridges, the
tape streamer was capable of storing and retrieving In excess of 600
pictures at a rate of about 4 kbs-' or 4 files per minute. Although
far higher data-transfer rates could have been achieved using optical
storage discs, the relatively low cost of the streamer system was a
great advantage.

2.S. Interpretation and evaluation of results
2.5.1. Changes In refractive Index
In the flnlte-frlnge-wldth Mach-Zehnder Interferometer of § 2.3.2,
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refractive-Index disturbances In the test arm of the Instrument are
manifested as distortions In the fringes from their original straight
and unl formly-spaced cond I t Ion.

In the schemat Ic diagram of figure

2.16, which shows the Instrument as a linear arrangement with both
sets of conjugate rays propagat Ing In the z direct Ion,

the lateral

displacement of the test and reference beams In the y direction Is d
and

the

t 2(X,y).

test
The

specimen T

Is

bounded by the

two sets of light

rays are .brought

recording plane C by the notional

t, (x,y) and

surfaces

together at

Interferometer unit

the

and

1

focusing lens L. In this arrangement, the difference In OPL

the

~I(x,y)

between the conjugate rays is given by
AI (x, y)

- It2

(2.1)

(n(x,y,z) - ",,}dz

t,
where the reference ray traverses a path with constant

refract Ive

Index "". Although this equation neglects the effects of stronglyrefracting test specimens, Wlnckler (1948) and Vest (1975) have shown
It

to yield extremely good results

for all

reasonable changes

In

refractive Index. Since the optical phase difference 6.p between the
test and reference rays Is
6.p(x,y) -

(2.2)

2~~I(x,y)/h

where h Is the wavelength of recording radiation, then fringe shifts
~F(x,y)

on the resulting Interferograms are given by

~F(x,y)/F(x,y)

(2.3)

- 6.p(x,y)/2r

with an undisturbed fringe separation F(x,y). Although the

Initial

separation F(x,y) Is a constant F when the optical components of the
Interferometer

are

flat,

the

Introduction

of

imperfect

specimen

holders Into the two beams may cause It to vary significantly across
the field of view. In equation 2.3, the shifts
In a

direction

Interference

perpendicular

fringes.

to

Therefore,

~F(x,y)

the

Initial

the

relationship

shift and refractive-Index change is described by
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FIGURE 2.16. Linear representation of the Mach-Zehnder Interferometer
with an Irregularly-shaped test specimen. The test and reference rnys
are shown as full and dotted lines, respectively.
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FIGURE 2.17.

(a) Abel

Inversion of Integrated optlcnl path within a

spherlcally symmetrlcnl refract Ive-Index dlstrlbut Ion.
graphical

representation of the

coefficIents sI)

InversIon.
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(b)

Six-point

used during Abel

r,

dF(x,y) - F(x,y)

Jr,

A

(n(x,y,z) - n.,,)dz.

(2.4)

In the simplest case, where the test specimen has a uniform thickness

r

with

a

refractive

index

n(x,y)

which

does

not

vary

in

the

z

direction, then we have
dn(x,y) - Adf(x,y)/r
where

the

change

in

(2.5)

refractive

index

dn(x,y)

is

the

difference

between n(x,y) and n.". As a result, in this situation the refractiveindex change

in the

df(x,y)

shift

aforement i oned

in

test
the

sample

is proportional

interference

fract i ona I

fr i nge

fringes

d i sp I acement

to the

fract ional

at

the

is

descri bed

output.

The

by

the

relationship

df(x,y) - dF(x,y)/F(x,y).
From

the

previous

two

(2.6)

equations

it

is

clear

that

widening

the

interference fringes by reducing the angle of tilt on the final beamsplitter has the effect of increasing the sensitivity of the MachZehnder instrument.

2.5.2. Abel-inversion techniques
When a laser-induced plasma is formed in a solid, liquid or gaseous
medium,

the

mater,ial

in

its

immediate

vicinity

is rapidly

heated

giving rise to a spherical compression wave which propagates outwards
from the emission centre. Since the density of material within the
acoustic wave is higher than that
the OPL of the affected region
illuminating test
acoust i c

wave

interferometer

beam is
is

or

is

other

then

increased and the phase of the

retarded accordingly.

observed,
any

in the undisturbed specimen,

whether

it

When the spherical

be

phase-measurement

by

Mach-Zehnder

technique,

the

intensity at each point (x,y) on the resulting two-dimensional image
'is generated from the
axis at

integral sum of the OPL changes along the z

that co-ordinate. A schemat ic diagram of the y-z plane

is

given in figure 2.17(a) in which, as previously, the recording plane
C

lies

in

the

y

direction and

the
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optical

axis

lies

in

the

z

direction.
Referring to figure 2.17(a).

If we consider a typical

light ray

traversing the spherical test specimen through the hatched area, then
the total optical path Is made up of contributions from a series of
small elements with co-ordinates (y,z) and dimensions (6y,6z). Such
an element, where r' - y' + z', Is represented as the shaded area In
the figure. Assuming the refractive-Index profile to be spherically
symmetrical about the emission centre, I.e . ..1n(r) , then In the limit
as 6y and 6z tend to zero we have a total change in OPL .11(y) given
by
M(y) -

I

Zout .1n(r)dz

(2.7)

-Zout

In which the limits are defined by Zout' - Rout' - y"

Carrying out

this simple integration with respect to r, we obtain

(2.8)

.1n( r) rdr

M(y) - 2

(r' _ y') 1/'

which

is

a

form

of

Abel's

Integral

equation.

Using

the

exact

mathemat Ical Inverse of this standard equat Ion as a start Ing point,
Bockasten (1961) applied a discrete procedure to the calculation of
the radial emlttance distribution of a spherical plasma. In our case
of refractive-Index changes, the Inverse of Abel's equation may be
wrl tten
.1n(r) - -

~ IRout
..

r

(2.9)

.11'(y)dy

(y' _

r')I/'

where .11'(y) Is the first derivative of .11(y) taken with respect to
y. Although analytical solutions for .1n(r) may theoretically be found
when
Is

~he

form of .11(y) Is previously assumed, e.g. Deutsch (1990), it

generally

Inversion

of

more
the

convenient

to

experimental

carry
data

out
using

the

so-called

discrete

Abel

numerical

summatlons In place of the Integral. Since their first use, numerical
Inversion techniques have been both simplified and refined to give
Improved accuracy and reduced execution times. Mlnerbo & Levy (1969)
used an orthogonal

polynomial

method while Wing & Neldlgh
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(1971)

employed

a

simple

Inverse-matrix

multiplication.

The

Inversion

procedure used In the author's experimental work Is Illustrated In
graphical form In figure 2.17(b).
The spherical region of Interest In figure 2.17(s), with an outer
radius Rout, was spIlt Into m equally-thick concentric zones labelled
) -

1 at the emission centre to ) - m at the edge of the sphere.

Since

the

distribution

was

symmetrical

about

the

origin 0,

the

refractive-Index change dn) within each zone was assumed to be a
constant.

In a similar manner,

the sphere was also divided Into m

horizontally-orientated regions by chords

labelled I -

1 to m.

A

pictorial example of this procedure where m - 6 Is given In figure

2.17(b). The fringe shifts dfi generated at the Image plane C were
assumed to be a constant within each of the horizontal areas. This
had the effect of digitising the analogue fringe-shift profile Into m
discrete values along the y axis. The two sets of intersecting lines
spIlt

the

sphere

further

Into

Irregularly-shaped

areas

with

thicknesses si) In the z direction. Summations of OPL difference were
then carried out within each chordal region over these smaller areas
to give required values of dnJ'
The OPL difference of the outer chordal region (I - m) was made up
of a single contribution from the outer circular zone (J - m) which
produced a fractional

fringe shift dfm.

Since the refractive-index

change dnm was constant within the outer zone, then the two values
were simply related by a modified version of equation 2.5, I.e.
(2.10)

where

Imm was the total thickness of the outer chordal elements. The

scaling

relationship

between

the

physical

dimensions

li)

of

the

elements within the spherical refractive-index profile and the those
Si) in the geometrical construction of figure

2.17(b) was given by
(2.11)

in which the multiplying factor arose as a result of the two separate
quadrants in figure 2.17(s). Combining the previous two equations, we
obtained

47

(2.12)
where the original wavelength A was scaled up to the dimensions of
the semicircular figure to produce a normalised wavelength U defined
by the relationship

u - Am/2Rout .
In the

(2.13)

second chordal

region,

m-I,

the

total

OPL difference

Adfm_1 was made up of contributions from the two outermost circular
zones,

viz.

} -

m and

}

m-I

respectively.

refract Ive-Index change dnm_1

could be

value

2.12.

of

dnm

from

equation

As

a

result,

calculated using the

This

yielded

a

the
known

slightly

more

complicated expression
(2.14)

dnm_1 - (udfm_1 - am-I , mdnm) / am_I , m-I·

In a similar manner, the refract Ive-Index change dn m_2 In the third
chordal region, 1- m-2, was realised using the previously calculated
values of dnm_1 and dn m. A further series of Iterative calculations
could be carried out for successively smaller values of i right down
to

the

central

2.17(a),

chordal

region.

Alternatively,

as

the calculations could be terminated at

shown

In

figure

any chosen

Inner

radius Rinn.
The generalised form of equat Ions 2.12 and 2.14 for the Ilnearlsed
change in refractive Index dni at the ith chordal region was
m

dni -

I

2

[ udf i -

(2.15)

a i }dn} ]

}-i+1

ail

where dfi was the corresponding fract ional

fringe displacement. The

coefficients ai} were calculated as fractional chord lengths from the
geometrical construction using the general pythagorean relationship

[1' -

ai} Because
values

(I - 1)2]1/2 -

the evaluations
of

i

Involved

calculated values

[(J -

1)2 - (i - 1)2]1/2.

of refractive-Index change dni

the

use

of a

of dn),

the

Abel-Inverslon
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greater

number

of

technique

(2.16)
at

smaller

previously
tended

to

compound measurement

errors

In

the

fringe

radial distances from the emission centre.

Ai;

shifts

Nevertheless,

at

smaller

since the

random errors on the measured data were typically less than 5 % but
limited

by

the

results

too

frame-store

severely.

A

plxel

further

size,

this

discussion

did
of

not

the

affect

magnitude

the
of

Induced errors Is given In § 2.5.4.

2.5.3. Changes in density and pressure
When a
medium,

compressional

acoustic wave

passes

through a

dielectric

the density of material within the confines of the wave Is

Increased and the secondary Internal electric field arising from the
Interaction of neighbouring molecules

Is

altered.

This

causes

the

effective field vector of the material to be modified and gives rise
to a change In refractive Index on a macroscopic scale. The resulting
theoretical relationship between refractive Index n and density p Is
described by the so-called Clauslus-Mossottl equation
n2

1

-

n2 +

(2.17)

K'p

2

where the constant K' Is dependent only upon the molecular properties
of the material and the frequency of the Incident radlat Ion.
case of a gas, where the refractivity n-l
equation may

be

simplified

to

give

the

Is very small,
well-known

In the

the above

Gladstone-Dale

relation
n -

in

(2.18)

1 - Kp

which

the

Gladstone-Dale

constant

K -

3K'/2.

For

changes

In

refractive Index An and changes In density Ap, equation 2.18 may be
more conveniently expressed as
(2.19)

I1n - KI1p.

As described by Partlngton (1953), a wide range of experimental work
with different gases has shown the Gladstone-Dale relation to give
accurate results up to pressures of around 100 bars.
Since the refractivity n-1 of condensed materials Is several orders
of magnitude greater than that of gases,
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the change

In refract Ive

Index

associated with

a

given density variation

Is

considerably

larger In liquids and solids. This means that both Interferometric
and beam-deflection measurement techniques are much more sensitive to
changes In density In the two condensed states of matter. Moreover,
although not

strictly applicable,

the Gladstone-Dale

relation has

been shown by Partlngton to give very good results

with certain

liquids up to quite high pressures. While holding well for one or two
solid

materials,

the

relation

does

majority of crystals and polymers.

break

howe~er

It

down

for

Is therefore normal

the

to use

experimentally-determined values of refractive Index and density when
calibrating measurements for liquids and solids.
When

considering

the

propagation

of

acoustic

waves

through

materials, It Is more usual to talk In terms of changes In pressure
or stress I1p relat Ive to an ambient value rather than changes In
density I1p. Since the pressures generated during the course of the

<

author's work were rather low, I.e.

100 bars, It Is safe to assume

a constant proportionality between the two variables In each medium.
This results In a modified Gladstone-Dale relation
(2.20)

I1n - Cl1p

where the usual units of the constant Care [bar-'j.
The

three

experimental

Important

transparent

work were al r,

materials

used

throughout

water and polymethyl-methacrylate,

the
or

PMMA, the latter of which, a solid plastic, is often referred to as
Perspex (a trade name of ICI plc). The more precise refractive-index
variations of these
Illuminating

substances with other physical

wavelengths

around

514

nm

are

properties at

outlined

below

and

summarised In table 2.1.
The

refractivity of air,

as described by Kaye & Laby (1972),

increases quadrat ically with pressure and decreases fairly linearly
with temperature. Nevertheless, for pressures changes below about 10
bars

and ambient

temperature

variations

of

less

than

±2

K,

the

quadratic pressure term is negligible and equation 2.20 describes the
varlat Ion adequately by giving a maximum total error of less than
about 2 11.
The change of refract Ive index with pressure and temperature for
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n-I

p

tln/tlp

tln/tlT

[kgm-']

[bar-']

[K-' ]

-1.07xIO- 6
-1.05xlO-4

Air

2.92xIO- 4

1. 20xlO o

Water

3.36xIO-'

9.98x1O'

2.83xIO-4
1.39xIO- s

PMMA

4.95xIO-'

1.18xlO'

1.12xlO-s

-1.20xIO-4

TABLE 2.1. Values of refractivity n-I, density p and rates of change
of refractive Index with pressure tln/tlp and temperature tln/tlT for the
materials used

In plasma-generation experiments.

For the

relevant

constants, the wavelength of illuminating radiation Is 514 nm, the
temperature Is 293 K and the pressure Is atmospheric.
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water has been empIrIcally determIned by WaxIer & WeIr (1963) and

& Llmsuwan

Vedam

(1975).

Both

sets

varIatIon to be roughly proportIonal

of

workers

have

shown

the

for pressures up to around 1

kbar above whIch the refractIve Index taIls off apprecIably. Although
the refractIvity decreases slIghtly with IncreasIng temperature, Its
rate of change C wIth pressure, calculated dIrectly from the results
of WaxIer & Weir,

remaIns effectIvely constant

wIth temperature.

Hence, for the chosen range of experImental condItIons, equatIon 2.20
Is also valId for water, gIvIng rIse to errors of less than 1 % for
pressures of up to 100 bars and temperature fluctuatIons of t5 K.
StudIes on the refractIve-Index varIatIon of PMMA with densIty p
and temperature T have been carrIed out by WaxIer et al.

(1979) and

Carlou et al. (1986). The first derIvatIve of refractIve Index wIth
respect

to

dn/dT

temperature

dIscontInuously
corresponding

wIth

to

the

T,

certain

phase

has

been

systematIc

observed

changes

transitions.

At

In

room

to

vary

behavIour

temperature,

however, dn/dT Increases lInearly and relatIvely slowly. The results
of Carlou et al.

also showed the change

In refractIve

Index wIth

densIty to obey the theoretIcal Clauslus-Mossottl relation to a hIgh
degree of accuracy wIthIn a gIven phase. From equatIon 2.18, we fInd
that small changes In refract Ive Index (I1n '" 10- 4 )

In PMMA around

room temperature, whIch correspond to pressures as hIgh as 50 bars,
may

agaIn

be

Gladstone-Dale

adequately
relatIon

descrIbed

usIng

of equatIon 2.19.

the

sImpler

Furthermore,

modIfIed
sInce

fractIonal densIty change wIthIn the solId was rather small, I1p/p
%,

the

<1

then the deformatIon was elastIc and equatIon 2.20 may also -be

consIdered valId.
For PMMA,

the

value

of the

constant

C

In

equation

2.20 was

calculated from the experImental value of p(dn/dp) gIven In the paper
by WaxIer et al. In the lImIt as I1n and I1p tend to zero, C Is gIven
by

dn _ dn dp dV
dp

(2.21)

---dp dV dp

where V is the volume of the solId materIal. Furthermore, the bulk
modulus B Is defIned by B - -V(dp/dV) and dp/dV - -plY. SubstItuting
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these expressions Into equation 2.21, we obtain

dn _ p dn
-

(2.22)

_ _0

dp

B dp

In summary therefore, the refractive-Index changes 4n In air, water
and PMMA were each approximately proportional to the pressure changes
ap which caused them to appear.

Even In the condensed materials It

was

Clauslus-Mossottl

not

necessary

calculation

of

to

use

pressure

the

from

the

Inverted

equation

fringe

In

the

shifts

the

modified Gladstone-Dale relation was sufficiently accurate for the
limited range of pressures considered.

2.5.4. Computer-aided Abet inversion
Using the relations described In the previous two sections and the
program FRINGE of § 2.4.5, the actual calculations of pressure within
the regions around laser-generated pI asmas were carried out
automatically

from

Mach-Zehnder

Interferograms

by

the

seml-

personal

computer. A typical example of this procedure Is presented In figure
2.18, which describes a laser-produced spark In air at a delay
5.0 ps.

Interferograms of the event,

t

of

figures 2.18(a) and (b), with

fringe shifts to the right corresponding to Increases In pressure,
show the central portion of the plasma as an elongated bright patch
and the resulting acoustic wave as a circle with a radius R of about
3 mm. AI though the durat Ion of the original plasma was In the order
of only 10 ns,

It appears on the Interferogram since the effective

shutter speed of the video camera was relat Ively low.

Despite the

action of the 514-nm narrow-bandwidth filter ahead of the CCD sensor,
the most

Intense part of the plasma Is stilI

visible due

to

Its

strong radlatlve emission around this wavelength. The spacing F of
the nominally vert Ical undisturbed fringes

In the

Interferogram Is

1040 pm and the energy Eo of the Incident laser pulse Is 4.6 mJ.
In order to calculate the radial

pressure profile ap(r) of the

acoustic wave from the fractional fringe-shift distribution af(x,y)
of § 2.5.1,

the system was assumed to be spherlcally symmetrical

about the emission centre, marked by a small cross In figure 2.18(b).
The mechanism by which the dlsplacements aFi of a typical dark fringe
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c

I

lA

B

d

FIGURE

2.18.

Computer-aided

Abel

Inversion

acoustic wave In air nt a time t Interferogram with the central

5 ps.

of

a

Inser-generated

(a) Original Mach-Zehnder

undisturbed fringe

highl ighted.

(b)

Original Interferogram with central displaced fringe highlighted. (c)
Scaled schematic diagram of the undisturbed and displaced

fringes.

(d) Pressure profi les ;1p(r) of the acoust le wave taken from the six

affected dark fringes across the

Image. The profiles. corresponding

to the fringes from left to right. are labelled as follows:
[DJ. [VJ. [xJ and [+J. Horizontal bar: 1 mm.
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[OJ. [6J.

at radial co-ordinates rj were evaluated In this Instance Is shown In
figure 2.18(c).

In this diagram,

since the original

fringes

were

straight, the shifts were all measured parallel to the line DOB, the
perpendicular to the undisturbed fringe AC. Dlsplacements
were both considered positive, while displacement

~F2

and

~3

was negative.

~,

For each fringe, two pressure profiles were generated - one for the
upper hemisphere and one for t he lower. The ml nlmum radl us OE at
which the Inversion could be carried out was set by the point at
which the dark fringe crossed the diameter DOB of the circle defining
the acoustic wave.

It was therefore usual, when taking single upper

and lower profiles from an Interferogram, to obtain results from the
widest possible range of r-values by choosing the dark fringe which
passed closest to the emission centre.
After calibrating the dimensions of the stored Images and measuring
the

Initial

define

the

system,

fringe spacing,

the program FRINGE was

parameters of the

the

gradient

undisturbed

and horizontal

fringe.

then used

Using a

position of the

to

cursor

fringe

were

determined as shown In figure 2.18(a). These values were stored In
computer memory as a reference. Next,
centre

was

defined

distribution of

and,

fringe

as
shifts

the position of the emission

Illustrated
was

In

recorded

2.18(b),

figure
using

another

the

cursor

arrangement. In this particular case, the density of data points was
set at one per every second vertical plxel giving a total of about 50
values

for

the upper and

lower profiles.

The Abel

Inversion and

calculat Ions of pressure change were then automat Ically carried out
within the computer to give final values of

~p(r).

Figure 2.18(d) shows a plot of the resulting pressure profile,
positive values of r corresponding to the upper hemispherical region
and

vice

versa.

As

a

measure

of

the

accuracy of

the

Inversion

technique, six distinct sets of data were collected from the six dark
fringes affected by the acoustic wave. The fringes near the periphery
of the circle obviously yielded the fewest data points since they
held no Information about the changes of refractive Index at small
radial values. On the other hand, the fringe highlighted In figures

2.18(s)-(c) generated values of pressure right down to r

= 300

pm.

If we assume the pressure profile around the emission centre to be
spherlcally symmetrical, then figure 2.18(d) gives an estimate of the
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errors produced by the Abel-Inverslon method. Since the maximum value
of fringe displacement was equivalent to about ten horizontal plxelwidths,

then

around 10 "'.

the

uncertainty arising

from

their

The maximum corresponding varlat Ion

measurement

was

In the pressure

profile per) was about 15 "'. Because these values were reasonably
close,

It was possible to conclude that the Inversion technique did

not greatly amplify the measurement errors.

Indeed,

If the pressure

profile was not In fact truly symmetrical, then this could also go
some way to explaining the frlnge-to-frlnge variations In

~p(r).

2.6. References
BAR-AVRAHAM, E., FISHER, A., MAKO, F., PEACOCK, J. & SHILOH, J. 1978
A fast Interferometer using a nitrogen laser for dense plasmas.

IEEE Trans. Plasma Sci. 6, 296-299.
BELL, C.E. & LANDT, J.A. 1967 Laser-Induced high-pressure shock waves
In water. Appl. Phys. Lett. 10, 46-48.
BENNETT, F.D. & KAHL, G.D. 1953 A generalized vector theory of the
Mach-Zehnder Interferometer. J. Opt. Soc. Am. 43, 71-78.
BOCKASTEN, K. 1961 Transformation of observed radlances Into a radial
distribution of the emission of a plasma. J. Opt. Soc. Am. 51,
943-947.
CARIOU, J.M., DUGAS, J., MARTIN, L. & MICHEL, P. 1986 RefractlveIndex variations with temperature of PMMA and polycarbonate. Appl.

Opt. 25, 334-336.
CARDME, E.F., CARREIRA, E.M. & PROCHASKA, C.J. 1967 Photographic
studies of laser-Induced pressure pulses In liquids. Appl. Phys.

Let t. 11, 64-66.
CHU, T.K., JOHNSON, L.C. & SCHUSS, J.J. 1978 Electron number density
measurement by ruby laser Interferometry In a CO 2 laser-Induced
gas breakdown plasma. In Shock Tube and Shock Wave Research. Proc.

11th Int. Symp. on Shock Tubes and Waves. (ed. B.

~Iborn),

pp.

555-560. University of Washington Press, Washington.
DEUTSCH, M., NOTEA, A. & PAL, D. 1990 Inversion of Abel's Integral
equation and Its application to NDT by X-ray radiography. NUT

International 23, 32-38.
DVORAK, V. 1880 Uber elne neue elnfache Art der Schlleren-

56

Beobachtung. Ann. Phys. Chem. 9, 502-512.
EMMONY, D.C., GEERKEN, T. & KLEIN-BALTINK, H. 1983 Laser-generated
hIgh-frequency sound waves In water. J. Acoust. Soc. Am. 73, 220224.
EMMONY, D.C., SIGRIST, M.W. & KNEUBUHL, F.K. 1976 Laser-Induced shock
waves In liquids. Appl. Phys. Lett. 29, 547-549.
FELIX, M.P. & ELLIS, A.T. 1971 Laser-Induced liquid breakdown - a
step-by-step account. Appl. Phys. Lett. 19, 484-486.
HALL, K.G. 1982 Observing ultrasonic wave propagation by stroboscoplc
visualization methods. Ultrasonics 20, 159-167.
JAHODA, F.C., LITTLE, E.M., QUINN, W.E., RIBE, F.L. & SAWYER, G.A.
1964 Plasma experiments with a 570-kJ theta-pinch. J. Appl. Phys.
35, 2351-2363.

KAYE, G.W.C. & LABY, T.H. 1972 Tables of Physical and Chemical
Constants. Longmans, London.

KIMURA, W.D., KUSHNER, M.J., CRAWFORD, E.A. & BYRON, S.R. 1986 Laser
Interferometric measurements of a laser-prelonlzatlon triggered
spark column. IEEE Trans. Plasma Sci. 14, 246-255.
MACH, L. 1892 Uber elnen Interferenz-Refraktor. Z. Instrumentkd. 12,
89-93.
MARTIN, F., BRODEUR, P., MATTE, J.P., PEPPIN, H. & EBRAHIM, N. 1987
High-Intensity CO 2 laser breakdown of low-pressure gas. IEEE
Trans. Plasma. Scl. 15, 167-172.

MINERBO, G.N. & LEVY, M.E. 1969 Inversion of Abel's Integral equation
by means of orthogonal polynomials. SIAM J. Numer. Anal. 6, 598616.
PARTINGTON, J.R. 1953 An Advanced Treatise on Physical Chemistry.
Volume Four: Physlco·Chemical Optics. Longmans, London.

SCHMALZ, R.F., FEDOSEJEVS, R., SIGEL, R. & TENG, Y.L. 1986 Laserdriven shock waves In plexlglass. In Shock Waves in Condensed
Matter. Proc. 4th. Amer. Phys. Soc. Topical Conf. of Shock Waves

In Condensed Matter. (ed. Y.M. Gupta) , pp. 535-539. Plenum Press,
New York.
TOEPLER, A. 1864 Beobachtungen nach einer neuen optischen Methode.
Max Cohen & Sohn, Bonn.
VEDAM, K. & LIMSUWAN, P. 1975 Plezo-optlc behavlor of water and
carbon tetrachloride under high pressure. Phys. Rev. Lett. 35,

57

1014-1016.
VEST, C.M. 1975 Interferometry of strongly refracting axlsymmetrlc
phase objects. Appl. Opt. 14, 1601-1606.
VOGEL, A., LAUTERBORN, W. & TIMM, R. 1989 Optical and acoustic
Investigations of the dynamics of laser-produced cavitation
bubbles near a solid boundary. J. Fluid Mech. 206, 299-338.
WAXLER, R.M., HOROWITZ. D. & FELDMANM, A. 1979 Optical and physical
parameters of Plexlglas 55 and Lexan. Appl. Opt. 18, 101-104.
WAXLER, R.M. & WEIR, C.E. 1963 Effect of pressure and temperature on
the refractive Indices of benzene, carbon tetrachloride, and
water. J. Res. Nat. Bur. Stand. 67A, 163-171.
WINCKLER, J. 1948 The Mach Interferometer applied to studying an
axially symmetric supersonic air jet. Rev. Sci. lnstrum. 19, 307322.
WING, W.R. & NEIDIGH, R.V. 1971 A rapid Abel Inversion. Amer. J.

Phys. 39, 760-764.
ZEHNDER, L. 1891 Eln neuer Interferenzrefraktor. Z. lnstrumentenkd.
11, 275-285.

58

3. LASER-AIR INTERACTIONS

3.1. Introduction
3.1.1. Breakdown of gases by focused laser radiation

When a transparent and insulating gas is illuminated by an electromagnetic beam of sufficiently high power density, it may very rapidly
be transformed into a highly COhducting and.opaque plasma made up of
a mixture of neutral atoms,

positive ions and free electrons.

Due to

the high electric-field thresholds necessary for breakdown, however,
large optical power densities of the order of tens of glgawatts per
square centimetre are required for plasma formation corresponding to
fluxes of greater than 10 28 neodymium photons cm- 2 S-I. Although It
is now easy to generate these orders of Intensity using modern laser
faciiities, only with the advent of the Q-swltched ruby laser did it
become possible to achie ve power densit ies of this magnitude -

and

then only by focusing the emergent laser beam to a small fraction of
its original size.
In this experimental work, the Q-switched infrared radiation from a

commercial neodymium:YAG laser Is focused in atmospheric air giving a
pulse with a duration of 8 ns and an average optical power density of
up to about 50 GW cm- 2 . This Incident radiation produces an electric
field of 4 x 10 6 V cm-I in the focal region of the lens corresponding
to a photon flux of around 3 x 10 29 cm- 2 S-1 - Just greater than the
breakdown threshold

and a radiation pressure of 15 bar. The plasma,

which is visible as a short-lived bright bluish spark, appears in the
form of a cylinder of length 800 pm and diameter 240 pm. Furthermore,
the acoustic wave emitted during the initial expansion of the plasma
propagates as a shock wave and is easily audible in the laboratory as
a sharp crack of sound.
3.1.2. Previous theoretical work

After the first observation in early 1963 of the breakdown of gases
at optical freqencies by a focused ruby-laser beam working at 694 nm,
several theoretical models were developed to explain the phenomenon.
The first of these was due to Wright (1964) who found it necessary to
use a quantum-mechanical approach to describe the absorption of ruby-
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laser photons by electrons within atoms. Since the energy carried by
each ruby photon was 1.8 eV - several times less than the difference
between the ground state and the lowest energy level In most gases
the probability of multi-photon absorption was very small and only a
very few electrons would be created In the focal region of the laser
beam. Due to the nearby presence of the atoms and newly-formed ions
of gas, however, these electrons could receive energy from the laser
radiation via the process of Inverse bremsstrahlung whereby momentum
was conserved during collisions between electrons and neutral atoms.
Consequently, the electrons gained more and more energy In discrete
steps until, at some stage, they were able to excite a neutral atom
by collision, the latter of which could then gain further energy by
direct line absorption from the Incident radiation.
single original energetic electron, therefore,

In place of the

two "slow" electrons

were produced, each of which then absorbed more energy from passing
photons and subsequently repeated the whole procedure. In this way,
the number of electrons at the laser-beam focus was caused to rise
exponentlallyas an avalanche process,

doubling the population in

less than a nanosecond. When applied to the monatomic gas argon, the
mathematical model describing this effect predicted a threshold for
breakdown of 2 x 10 29 ruby photons cm- 2

S-1

at atmospheric pressure -

equivalent to an optical power density of over 50 GW cm- 2 •
This theoretical model was shortly later enhanced by Zel'dovlch &
Ralzer (1966), who considered also the asymmetrical expansion of the
plasma towards the laser-radiation source, an effect explained with
reference to the displacement of the region of absorption within the
discharge. In this work, the thickness of the absorbing layer of gas
was shown to be roughly equal to the mean free path of the photons
rising from about 20 pm In atmospheric air at a temperature of 10 5 K
to 70 pm at 10. K. Assuming a large degree of Ionisation and a high
temperature within the plasma, three possible methods of growth were
put forward

(I) a "breakdown wave" whereby the threshold for plasma

formation was attained first at the beam waist and slightly later at
other points along the optical axis,

(11) a "detonation mecha,:,lsm"

whereby the gas behind an emitted shock wave was heated and Ionised,
and (I I I) a "radiation mechanism" whereby gas outside the absorbing
region was Ionised by thermal radlat Ion given out from the hot core
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of the plasma. The actual velocity of expansion of the plasma In any
particular direction would be governed by the largest of these three
parameters, each of which would contribute to a lowering of heating
efficiency at the centre of the plasma. The breakdown wave was shown
to travel with a velocity vb roughly given by
(3.1)

where ro Is the minimum radius of the laser'beam, tc Is the time for
Initial breakdown at the focal point and C Is the half-cone angle of
the focused laser beam. The detonation and radiation mechanisms, on
the other hand, were shown to produce plasma growth at approximately
the same velocity vdr given by

Vdr'" [ 21' (1' - 1) 1 /

p",

]1/3,

(3.2)

where l' Is the ratio of the specific heats of the heated gas, 1 Is
the Incident optical power density and p", Is the Initial density of
the undisturbed gas. For very high-power laser beams with lenses of
large focal length, the workers thus showed vb to be greater than vdr
so that the breakdown wave dominated. For more sharply focused beams
with lower peak powers, on the other hand, the detonation mechanism
was shown to be the most Important with typical values for vb and vdr
of 6 and 100 kms- I

,

respectively.

At about the same time, Browne (1965) carried out a more rigorous
classical and quantum-mechanical study of laser-Induced breakdown In
atomic hydrogen gas by building on the previous work of Wrlght. From
a consideration of electron heating by Inverse bremsstrahlung -

I.e.

by free-free absorption - he was able to show that the cross-section
for absorption of Incident radiant energy by the gas was 7.4 x 10- 2
nm 2 or about ten times that expected from a "billiard ball" model of
the process. Furthermore, by neglecting the small losses arising from
diffusion and recombination of electrons, full Ionisation of the gas
In the focal region of the laser beam was calculated to require the
production of 43 generations of secondary electrons over around 3 ns.
Only after being completely Ionised was the hydrogen plasma found to
absorb radiant energy to yield temperatures of the order of 10 7 K.
As described by Crlem (1964), the natural frequency of oscillation
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Wp of the electrons and positive ions within a plasma is given by

(3.3)

where Ne' e and me are the respective density, charge and mass of the
electrons and

EO

is the permittivity of free space. This parameter is

related to the refractive index n of the gas by the simple formula
(3.4)

n

where w is the angular frequency of the probing radiation. Using the
relation w - 2rc/A and assuming n to be close to unity, we therefore
obtain an expression for the density of electrons Ne in terms of the
refract ive index n of the gas .. This has the form
(3.5)

for which c is the speed of light in vacuo and A Is the wavelength of
the probing radiation. Using this statement, which implies a decrease
In refractive index with increasing electron density, it thus became
possible to make accurate optical measurements of the characteristics
of laser-induced sparks by either beam-deflection or Interferometric
methods.
A further examination of breakdown in helium and argon at pressures
of up to 25 bar was performed by Morgan et al. (1971) who pointed out
that the process was generally made up of four ·separate stages which
they termed (i) initiation, (ii) growth, (iii) plasma development and
(iv) extinction. The first stage, which was postulated to last only a
very short time, was the liberation of an electron from a gas atom by
mUlti-photon absorption of laser light. The subsequent growth stage,
whose duration was of the order of nanoseconds, involved an increase
in the density of electrons to a value of about 10 '5 cm- 3 for which
absorption and scattering of the incident radiation became important.
Assuming the laser pulse to be of sufficiently length, the third and
most widely studied stage, with a duration of about 20 ns for normal
Q-switched ruby devices, was the further development of the stronglyabsorbing plasma to produce a high-temperature expanding gas. In the
fourth and fInal stage, which began at the end of the laser pulse and
lasted typically 50 ps, the plasma died gradually away via radiative
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emission, diffusion, recombination and attachment to electro-negatlve
atoms. Breakdown was postulated to occur after the growth phase only
when the rate at which free electrons were produced was greater than
the rate at which they were lost from the focal region. Furthermore,
diffusion of electrons through the ends of the cylindrical plasma In
stages (Ill) and (Iv) was assumed to be negligible. Using classical
theory, the workers Identified low-, Intermedlate- and high-pressure
regimes In which the breakdown threshold of .the gas was respectively
governed by diffusion losses, the laser-pulse duration and electronIon recombination. Moreover, In the Intermediate regime for pressures
between roughly 500 mbar and 10 bar, the threshold was shown to vary
In Inverse proportion with the gas pressure. At lower gas pressures,
the threshold decreased more quickly whereas at higher pressures, It
decreased more slowly.
One of the most thorough studies of laser-produced breakdown In air
was carried out by Smith (1981) who looked at both clean and "dirty"
gas over a wide range of pressures. Using a classical approach, which
was considered valid for air pressures greater than or equal to 1 bar
under visible or Infrared Illumination, a qualitative expression was
developed for the power-density threshold Ith In units of Wm-> above
which breakdown freely occurred In clean air. This was given by

where p"" [Pal Is the original pressure of the undisturbed air,
Is the duration of the laser pulse and

~

TO

[s]

[m] Is the wavelength of the

radiation used. It therefore followed that for laser-pulse duratlons
of less than about a microsecond, the threshold decreased roughly as

lip"" as previously predicted for less complex gases. In the analysis,
It waS also pointed out that a significant number of electrons occur
naturally In clean atmospheric air (Ne - 10' - 10 4 cm-') so that the
generation of a few free electrons by multi-photon absorption prior
to breakdown was not always necessary. As a consequence, It followed
that an Increase In focal volume - or beam waist - caused a lowering
of the breakdown threshold within certain limits, an effect enhanced
by diffusion of electrons out of the region. Indeed for

~

- 10.6 pm,

I t was shown that 1 th decreased from around 10 GW cm-> for a focal
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diameter of 100 pm down to less than half this value for a diameter
of 1 mm. Furthermore, the effect of the presence of aerosols In the
atmosphere was shown to produce another sharp drop In the breakdown
threshold of air - down to around 3 and 0.05 GW cm- 2 for respective
beam waists of 100 pm and 7 mm with h - 10.6 pm. This phenomenon was
attributed to a vaporisation and partial

Ionisation of particles of

aerosol, the larger part Icles being broken down more easily because
of a higher density of vapour and a correspondingly greater rate of
electron-Ion collisions. For Instance, with h - 1.06 pm and

TO

-

50

ns, Ith was found to decrease from more than 100 GW cm- 2 for carbon
particles with a diameter of 100 nm down to less than 10 GW cm- 2 for
a diameter of 10 pm. More generally, however,
as l/h for

TO

Ith was found to vary

> 1 ps. Finally, the absorption coeffleclent

0

[m-'] of

a laser-Induced plasma In atmospheric air for temperatures of around
a kllokelvln was shown to be given by
0-

89 h 2 p",2,

(3.7)

for h [m] and p", [Pal. As a result, the plasma shielding occurring at
Infrared wavelengths for sparks with a length of greater than about a
centimetre became significant.
More recently, Grey Morgan (1984) described some of the mechanisms
behind the production of plasmas In gases by laser and Introduced a
rough rule of thumb to characterise the processes. If the product of
the Initial gas pressure p", and the laser-pulse duration

TO

was less

than about 10- 5 Pa s, then mult I-photon absorpt Ion was usually the
dominant Ionising mechanism; If

p",T O

> 10- 5 Pa s, on the other hand,

plasma format Ion proceeded as a cascade process with Inverse bremsstrahlung being the most Important mechanism. At pressures'of around
1 bar, therefore, the transitional pulse length for the two regimes
was shown to be approximately 100 ps. Moreover, the widely-observed
phenomenon of multiple plasma formation around the focal region of a
laser beam was demonstrated to arise from the good coherence of the
Incoming radlat Ion and from aberrat Ions In the focusing system.

In

certain circumstances, the Interference of the converging light rays
caused a large variation In Intensity along the optical axis of the
beam and so yielded more than one point of breakdown. Also mentioned
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In this work were some applications of laser-produced plasmas In the
fields of spectroscopy, phase conjugation and thermonuclear fusion,
each of which made use of the distinct properties of laser light.
3.1.3 Previous experimental work

Shortly after the Invention of the high-power Q-swltched ruby laser
In the early 1960s, a number of different working groups carried out
experimental studies of the Interactions of focused visible radiation
with air and other gases. One of the first of these was performed by
Damon & Tomllnson (1963), who used a rotating-mirror system to alter
the Q-value of a 3-J pulsed ruby laser. The reSUlting light beam was
directed Into a vacuum chamber containing air, helium or argon at a
pressure of about 15 mbar before being brought to a focus by a single
lens. Ionisation of the gas around the focal point was detected using
a pair of gold probes with a spacing of 10 mm across which a voltage
of 3 V was maintained. When operated In normal un-switched mode, the
laser delivered pulses with a duration of about 500

~s

which produced

plasmas of a similar duration. The Intensity of the plasma was found
to Increase with Increasing laser energy, about 15 million photo-Ions
being generated by the action of a single 900-mJ pulse of light. When
operated with the rotating mirror, on the other hand, which yielded a
sequence of 100-ns pulses over about a microsecond, nearly the same
number of photo-Ions were formed In air for a total pulse energy of
only 120 mJ and a peak optical power of 210 kW. Moreover, the number
of photo-Ions was also observed to Increase exponentlally with total
laser energy In air - a fact which suggested the Ionisation process
to be highly non-linear In nature.
A few months later Meyerand & Haught (1963,1964) performed a series
of similar experiments In helium and argon at higher pressures using
a Kerr-cell Q-swltched ruby laser with a pulse duration of 30 ns and
a pulse energy of about 1 J. This corresponded to a much greater peak
optical power of about 30 MW, a peak power density at the focal point
of 100 CW cm- 2 and an electric field of 10 7 V cm-'. The laser-Induced
dielectric breakdown, which began less than 50 ns after the pulse of
radiation and lasted a total of around 50

~s,

was clearly visible at

the beam waist as a bright flash of light due to the large number of
photo-Ions present there

(~

10'3) - about a million times that found
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previously by Damon & Tomllnson. The threshold r.m.s. electric field
for photo-Ionisation - below and above which no and a large number of
free electrons were respectively produced - decreased from about 10 7
V cm- 1 at hellum- and argon-gas pressures of 1 bar down to about 10.
V cm- 1 at 100 bar. As a consequence, the mechanism of excitation was
assumed to rely on a large proportion or whole of an Incident photon
being absorbed by a .slngle electron on collision. This would produce
a cascade process leading to a sharply-defined cut-off energy below
which no breakdown would occur. Using a pair of photomultlpllers, the
workers were also able to show that the plasma formed by the focused
ruby-laser radiation In argon at 1 bar caused a large attenuation of
the light beam on the other side of the focal point. For an Incident
energy of about a Joule - Just over the breakdown threshold - about
half passed through the focal

region, most of the

remainder being

absorbed In the plasma giving Increases In temperature and electron
density, the former being about a hundred times more Important than
the latter. Moreover, a small proport Ion of the Incident light beam
was

directly scattered or

re-radiated at

longer wavelengths

from

excited atoms.
At about the same time Ramsden & Davles (1964) and Ramsden & Savlc
(1964) carried out a study of plasma formation In air at atmospheric
pressure using a 300-mJ Q-swltched ruby laser with a pulse durat Ion
of 20 ns. A photographic record of the plasma was obtained using an
Image-converter camera In framing and streak modes while measurements
of radiation emitted at right angles to the laser beam were enacted
using a spectrograph. Laser light scattered directly from the plasma
was observed to Increase rapidly to a maximum value as the threshold
for breakdown waS exceeded, returning back down to zero after about
10 ns as the end of the laser pulse was reached. The wavelength of
the scattered radiation was shifted by about 0.3 run with respect to
Its Incident value of 694.3 nm due to the rapid growth of the edges
of the plasma and the Doppler effect. Furthermore, when re-directed
and focused back onto the plasma, the emergent laser beam was partly
scattered from the free electrons giving rise to a plane-polarised
signal at the recording device. The visible radiation emitted by the
plasma Itself, which rose to maximum after breakdown In about 15 ns
and decayed away after a further 150 ns, was made up of a continuum
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of wavelengths on top of which some nitrogen lines were superimposed.
Although the plasma was pear-shaped In form with dimensions of 1.5 x
1.0 mm and with Its larger end nearest the laser source, the Incident
radiation was scattered from a small Inner cyllndrlcar region with a
length of 500 pm and a diameter of only 100 pm. The rate of expansion
of the plasma as a whole was largest In the direction of the Incoming
laser radiation where a Initial speed of about 100 kms-' was seen.
Slightly more recently, Alcock et al. (1968) carried out a thorough
examination of the optical generation of plasmas In air at pressures
between about 100 mbar and 1 bar using a Pockels-cell Q-swltched ruby
laser. Measurements of the speed of expansion of the plasma were made
from multiple-exposure schlleren photographs of the event which were
captured using a mode-locked neodymium-glass laser as a light source.
For ruby-laser powers of 110 and 300 MW and a pulse rise time of 24
ns, the maximum Initial velocity of expansion was observed to vary as
the square root of the air pressure, the Initial radius of the plasma
being about 70 pm. The rapid pace of plasma growth was explained with
reference to a formation of free electrons outside the Initial region
of Ionisation by precursor radiation from the plasma early on In its
lifetime.
One of the first sets of workers to use the change In refractivity
of a laser-produced plasma as a measure of Its electron density was
Lampls & Brown (1968) who considered the action of a 2.5-J, 50-ns Qswitched ruby laser on helium gas at a pressure of 10 bar. The beam
was focused by a simple converging lens with a focal length of 68 mm
to yield a cylindrical plasma with a length of 5 mm and a diameter of
340 pm at t - 10 ns. The electron density, which decreased from 4 x
10.

9

cm- 3 at t - 150 ns to half this value at t - 300 ns, was found

by looking at the divergence of a He-Ne-Iaser probe beam when passed
through the plasma at right angles to the optical axis of the rubylaser beam. Furthermore, the emission of shock waves in both radial
and axial direct Ions was recorded together with the format Ion of a
"secondary plasma layer" between the main core of the spark and the
radiated shock waves. Along the optical axis and towards the laser,
the rate of expansion of the plasma dropped from a maximum of about
10 kms-' at t - 10 ns down to 2 kms-' at

t

-

400 ns at which point a

plane shock wave began to separate from the core of the plasma. The
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speed of this wave then gradually diminished towards the sound speed
of the gas, viz. 10 krns-'. In a radial direction, on the other hand,
a cylindrical shock wave started to move away from the plasma at t 250 ns, the separation being completed a further microsecond later.
Directly after shock-wave emission, which was shown to be adiabatic,
the rate of expansion of the plasma decreased appreciably with 10 %
of the Initial laser energy being radiated away. Moreover, between

t

- 100 and 400 ns, the temperature of the plasma was shown to halve
from a maximum value of 2 x 10' K, while Its absorption coefficient
was found to decrease from 5.0 down to 0.3 cm-' for A - 633 nm.
With an eye to the use of laser-generated plasmas In thermonuclear
fusion processes, Hugenschmldt et al. (1972) studied the effect of a
focused giant pulse of ruby-laser radiation In xenon at a pressure of
1.4 bar at powers of up to 50 MW. Using a single-mode Q-swltched ruby
laser as a light source, the workers were able to record the growth
of the plasma In both schlleren and holographic framing arrangements
at delays of over 10

~s

- well after the separation of the blast wave

from the central hot core. Furthermore, with recourse to differential
Interferometry, the authors found the density of electrons within the
expanding ovoldal plasma to decrease from 2.6 x 10'9 cm- 3 at
down to less than a third of this value at

t

t

-

9 ns

100 ns. Spectroscoplc

measurements on the cont Inuum of radlat Ion given out by the plasma
Immediately after Its formation also yielded an electron temperature
of about 50 000 K, while calculations of the absorption of photons by
electrons gave a mean collision frequency for Ionisation of about 17
GHz.
After the Invention of the

10.6-~m

TEA CO 2 laser In 1969, Johnson &

Chu (1974) were one of the first sets of workers to employ It for the
creation of plasmas In a low-pressure gas. For a laser pulse with a
duration of 150 ns and a total energy of about 3 J, the authors were
able to produce a cylindrical plasma In helium at 40 mbar for which,
at

t

-

10 ns, the diameter was about 1.5 mm and the electron density

was 1.5 x 10'8 cm- 3 or about three-quarters that required for double
Ionisation. Using a Mach-Zehnder probe Interferometer with a He-Nelaser light source,

radial electron-density profiles of the plasma

were bUll t up by scanning the focused probe beam across the area of
Interest from shot to shot of the CO 2 laser. By this method, a shock
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wave was observed to develop at the edge of the plasma at

t

~

20 ns

which expanded outwards at a speed of 25 kms- 1 for a further 50 ns.
For t > 70 ns, however, the velocity of the disturbance was found to
decrease as l/r as might be expected for acyl Indrlcal blast wave.
Moreover, the Inlt 1nl propagat Ion speed of the shock wave was found
to be greatest In the direct Ion of the focusing lens due to further
absorption of laser radiation during the later part of the pulse.
More recently, Bakos et al. (1981) undertook a more complete study
of the formation of sparks In air at atmospheric pressure under the
Influence of a 600-mJ Q-swltched single-mode ruby laser with a total
pulse duration of 40 ns. Using a fast photodlode, a 100-MHz storageoscilloscope and a monochromator, the workers were able to show that
the respective Intensltles of light scattered backwards and forwards
from the spark were about one- and one-ten-thousandth of that of the
Incident radiation, the difference arising from the effect of plasma
shielding. Moreover, the back- and forwards-scattered radiation was
shifted respectively to the blue and red by 0.26 nm corresponding to
an axial expansion velocity of 110 kms- 1
light, which appeared at

•

The red-shifted pulse of

the beginning of breakdown, was followed

after a characterlst Ic delay of 5 ns by the blue-shifted pulse, the
finite time difference being due to the necessary formation of an
efficient radiation trap within the spark.
The maintenance of a relatively long-lived plasma In atmospheric
air using a 5-kJ neodymium-glass laser with a pulse duration of 5 ms
was first examined In detail by Bufetov et al. (1986). Because of the
relatively low power density of the focused beam, however, breakdown
was Initiated by a smaller but higher-power I-J Q-swltched aUXiliary
laser with a pulse length of only 70 ns which produced a plasma spark
with a diameter of about 5 mm. Using a lens with a focal length of 1
m, the 1.06-pm radiation from the neodymium laser was focused down to
a minimum diameter of 5 mm on top of this spark, the resulting plasma
discharge propagating In opposite axial directions with a velocity of
about 10 ms- 1 at a pressure of 1 bar. The size of the discharge was
greatest at the end of the neodymium pulse when Its length was about
200 mm and Its diameter was about lOO mm. Spectroscoplc measurements
of the radlatlve emission from the discharge showed It to be made up
of a fairly .5trong continuum of wavelengths upon which many spectral
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lines were superimposed, most of which were found to originate from
either neutral or once-Ionised nitrogen and oxygen atoms. While the
background continuum and Ionic lines were confined, as expected, to
the middle of the discharge through which the neodymium-laser beam
passed, the atomic lines extended well outside these bounds, having
appreciable magnltudes even at two or three beam diameters. Moreover,
several lines belonging to the N,+ Ion were also noted along the edge
of the plasma where the temperature was significantly less. Electrondensity and temperature profiles across the discharge were determined
respectively from the widths and relative Intensltles of the spectral
lines giving maximum values of about 2.0 x 10'7 cm- 3 and 20 000 K at
all points within the laser beam. In fact, the plasma temperature was
found to be a weak function of optical power density due to the lower
. absorption coefficient of the plasma at higher temperatures. After a
delay of about a microsecond at the Initiation of the discharge, the
plasma was shown to be In a state of local thermodynamic equilibrium
with about 90 % of the laser energy being lost as radiation, the rest
being dissipated via the conduction of heat. Despite this fact,

the

majority of the laser energy Incident upon the discharge was stored
within the region of hot air found outside the confines of the laser
beam, as opposed to within the luminous plasma Itself.
Whereas previous experimental work had been concerned with optical
power densities of less than about 10 TW cm-' In low-pressure gases,
Mart In et sI. (1987) used single 75-J, 1-ns pur'ses of radlat Ion from
a mode-locked CO, laser to generate plasmas In dry air at pressures
between about 0.5 and 3 mbar. When focused by a parabolic mirror to
give power densities of around 400 TW cm-', this gave sparks with a
length of 2mm and a diameter of 200 pm In which Ionisation by multlphoton absorption was Important. By diverting about 4 % of the main
laser beam for use as a "11 ght" source, Mach-Zehnder I nterferograms
of the plasma were recorded between 2 and 5 ns after Its formation
when the density of electrons had reached a saturated value.

Images

were recorded by allowing the beam of radlat Ion emerging from the
Instrument to fall on and burn a piece of photographic film. For an
air pressure of about 0.5 mbar, the electron density was 1.0 x 10' 7
cm- 3 corresponding to a three-electron Ionisation of each atom; full
Ionisation was achieved for pressures above about 0.8 mbar where the
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density was greater than 5.0 x 10 '7 cm- 3 •
A related Investigation of the external triggering of an electrical
spark In air at 1 bar by the action of a TEA nitrogen laser has most
recently been performed by Najafzadeh et al. (1987), who used a spark
gap comprising a pair of electrodes across which a voltage just less
than that required for breakdown was held. By focusing a 1-ns ultraviolet pul~e from the laser ,into the channel at this point, a plasma
was Initiated causing an avalanche of electrons from the cathode to
the anode at a speed of about 100 kms- 1

•

The discharge was observed

In single-shot schlleren and Interferometric modes using an amplified
portion of the Initial nitrogen pulse, photographs being recorded on
u.v.-sensltlve film at delays of up to 35 ns. Having crossed the gap,
the plasma was found to expand cylindrically at a speed of 10.5 kms- 1
for at least another 25 ns during which time a shock front developed
at the leading edge due to compression of the neutral gas there. The
peak electron,denslty occurring within the discharge was observed to
decrease from a maximum of 6.5 x 10 '9 cm- 3 at t - 8 ns down to 8.7 x
10 '8 cm- 3 at t - 33 ns, the density of atoms in atmospheric air being
about 5 x 10 '9 cm- 3 •
In the last quarter-century since the first use of lasers to create
highly-controllable plasmas in air and other gases, therefore, a wide
variety of work has been carried out over a range of wavelengths and
optical power densities. Indeed, since the early 1970s when the first
experiments on plasma fus Ion were performed, the subject has become
Increasingly Important with whole journals being entirely devoted to
the field. Although the original work described In this chapter does
not cover the area of very high-power laser generation, It does give
an Insight into the formation of a spark in air by a commercial YAClaser system, and, as such, is likely to be of use In the fairly new
field of laser eye surgery.
3.2 Neodymium-laser-Induced breakdown In air

3.2.1. Temporal evolution of a laser-induced spark
The study of the evolution of a neodymium-laser-Induced plasma in
atmospheric air was performed using the basic experimental set-up of
figure 2.1 from which the cuvettes of liquid were removed. Since the
changes in density arising from the passage of the emitted spherical
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shock waves were rather low, however, a schlleren technique was used
to complement the Mach-Zehnder Interferograms In place of the normal
focused shadowgraph. As outlined In § 2.3.4, a horizontal knife-edge
was Introduced between the final

focusing lens and the video camera

at the focus of the dye-laser beam so as to highlight the deflected
rays more clearly.

In this piece of work, the energy Eo of the YAG-

laser beam Incident upon the "sample" of air was adjusted to 4.6 mJ
yielding an average Incident power density I of 46 GW cm- 2 over the
8-ns Infrared pulse.
Enhanced schlleren and Interferometric pictures of the plasma for
times t of up to 20 ps after the onset of the pulse of radiation are
presented In figure 3.1. Since the light from the laser was incident
from above, with a half-cone angle ~ of 13', the region of breakdown
- or "spark" -

Is visible In both sets of Images as a luminous line

around the centre of the field of view despite the use of a narrowbandwidth Interference fll ter In front

of the CCD sensor.

Al though

unable to give a quant Itat Ive measure of refract ive-Index change dn
In or around the spark,

the schlleren technique does clearlY reveal

the emission of a shock wave and the growth of the plasma, negative
gradients

an/ay of refract Ivi ty from bot tom to top of the computer-

enhanced images being represented as dark areas and vice versa.
the

Interferometric

Images,

in contrast,

On

positive values of dn are

shown In non-inverted form as fringe dlsplacements to the right and
vice versa.

In addition to the refractive-Index changes arising directly from
changes In neutral gas density dp via the Gladstone-Dale relation of

§ 2.5.3, there also occur separate changes in refractivity within a
plasma due to the effects of the free electrons as quantified using
equation 3.5. Whereas an Increase In neutral density p or pressure p
produces a near proportional

increase in refractivity n-l, however,

an Increase In electron density Ne yields a proportional
I-n. As a consequence,

increase in

the two effects give rise to opposite fringe

shifts and intensity changes when respectively visualised using the
Interferometric and schlleren techniques.

In figure 3.1,

therefore,

positive values of dp and Ne are manIfested as right- and left-hand
Interference-fringe dlsplacements, respectIvely.
Using equations 3.1 and 3.2, we may respectively calculate rough
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values for the breakdown velocity vb and detonation velocity vdr of
the plasma Immediately after its formation and hence determine the
essential character of the breakdown mechanism. With a minimum beam
radius ro of 20

~,

a time tc for breakdown of 5 ns and a half-cone

angle (3 of \3', we obtain Vb - 17 kms-'. With a specific-heat ratio

"y

of 1.33 for the high-temperature gas, a mean beam intensity I of 4.6
x 10'· Wm- 2 and an undisturbed air density Poo of 1.29 kgm-', on the
other hand, we find vdr - 68 kms- 1

-

four times larger than Vb' As a

result, we may assume the dominant mechanism of early plasma growth
towards the laser source Is that of a radiation-supported detonation
wave. Moreover, with a neodymium wavelength A of 1.06'x 10- 0 m and an
Initial gas pressure Poo of 1.01 x 10 5 Pa, we also find the'absorption
coefficient a of the plasma to be 1.02 cm- 1 via equation 3.7. For the
spark length of 800 I'm, the'refore, 92 % of the laser power is allowed
through causing a small reduction in average intensity on the other
side of,the plasma to 42 CW cm- 2 •
The laser-produced plasma Is shown at t - 100 ns In figure 3.1(a)
at which stage a pair of hemispherical shock waves has begun to form
at the upper and lower edges of the expanding plasma - just outside
the confines of the Inlt ial cylindrical spark. The radius rp of the
upper wave is the greater of the two and yields a mean upwards axial
velocity of 2.4 kms- 1 compared to a value of 1.9 kms-' at the lower
edge. After a further lOO ns (b), during which the upper shock wave
travels at a reduced average speed of 1.8 kms- 1

,

the upper and lower

portions of the wave join together to produce an ovoid-shaped front
which propagates outwards at about the same velocity. At t - 1.0 I's
(c), where rp -

1.06 mm,

the shock wave has separated from the hot

central core of the plasma which Is shown clearly in schlieren mode
as a dark circular region with a diameter of Just over a millimetre.
Within this central area, the electron density Ne wi II be very much
higher than the ambient value In atmospheric air of about 10' cm-';
between the core 'and the front of the radiated shock wave, however,
the electron density will presumably be very close to its original
ambient value.
In the course of the next 4 I's (d,e,f,g), the plasma continues to
expand In all directions and assumes a roughly spherical form with a
diameter of 1.6 mm for t - 4.0 I's at which point the rate of growth
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has been reduced to less than 50 ms-I. Meanwhile, the shock travels
symmetrically outwards giving an average velocity of about 400 ms-I
between t - 2 and 5

~s

compared to a sound speed

c~

in air at 293 K

of 343 ms-I. As may clearly be seen from the Interferometric images,
the neutral gas pressure arising from the passage of the shock wave
is reduced as the rate of propagat ion of the shock front decreases,
the peak positive fringe shift dropping from 15 % of the original
fringe spacing at t - 2.0
At t - 10

~s

~s

down to only 10 % at t - 5.0

~s.

to rp -

(h), where the shock wave has propagated out

4.7 mm and is just visible at the corners of the field of view, the
vertical expansion of the plasma has more or less ceased while the
horizontal,

or radial, expansion of the

ini t ially-cyl indrical

body

continues. In fact, the mean speed of the shock front between t and 10

~s

5

is 380 ms-I whl le that of the radially-expanding hot core

is 30 ms-I. The further radial expansion of the plasma with respect
to the cylindrical luminous region presumably occurs as a result of
an outward diffusion of electrons through the vertical edges of the
spark which make up most of its surface area. At

t

speed of plasma growth has dropped to about 10 ms-I

-

20

~s

(i),

the

In a horizontal

direct Ion leaving a highly-localised disc-shaped volume of part IyIonised gas In a larger volume of neutral gas close to atmospheric
pressure.

In the next ml II isecond or so, the radial growth of the

plasma continues as

the concentration of ionised atoms eventually

falls producing a maximum horizontal radius in excess of 2 mm.
The positions s of the leading edge of the emitted shock wave and
the boundary of the plasma with respect to the centre of the laserInduced spark, as measured from figures 3.1(a) to (8), are together
plotted as a function of time
graph,

t

in figure 3.2(a). As shown by this

the axial and transverse velocities of the shock wave with

respect to the Incident laser beam are very nearly the same for
~s

t

> I

- only for short delays when the shock Is still developing at the

edge of the plasma do the two rates of expansion differ appreciably.
Furthermore, the velocity of the plasma edge is much less than that
of the shock wave for

t

> 200 ns when the latter begins to separate.

Indeed, the velocity of the emitted shock wave approaches the sound
speed

c~

(343 ms-I) asymptotically from above.

As first described by Ramsden

& Savic (1964), the early expansion
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of the laser-produced plasma may be considered as a detonat ion wave
whose position s shows a £'/5 time dependence and whose velocity of
propagation therefore decreases as £->/5. After radiating the shock
wave, however, the walls of the plasma slow down and expand further
as a blast wave with a posltional time dependence of £>/5, while the
shock wave Itself continues to propagate as £'/5. These theoretical
Ideas are shown valid for the experimental results of figure 3.2(a)
In which the upper and lower sets of data follow £o.G and £0.' laws,
respectively. Moreover, from blast-wave theory (e.g. Ready 1971), it
may be shown that, for a hot gas of energy Eg and Initial density Pw,
the position s of Its outer edge Is given by
(3.8)
Using values from the lower curve of figure 3.2(a), and assuming Pw1.29 kgm-', we find that Eg - 36

~J

or just less than one percent of

the total energy Eo of the incident laser beam. This is a much lower
proportion than that observed by Ramsden & Savlc who considered the
effect of a focused 300-mJ ruby-laser beam In atmospheric air. Since
plasma formation is a highly non-linear process, however,

It is not

surprising that such a large difference occurs - the size and degree
of Ionisation of the plasma In the author's case is much less giving
rise to much smaller absorption of laser light.
Radial profiles an(r) of the change in refractive index of the air
around the laser-produced spark for £

~

5

~s

from the Interferograms

of figures 3.1(c) to (g) are presented in figure 3.2(b). As detailed
previously, these profiles are made up of two distinct regions - the
central plasma core where

an

arises from increases In the density of

electrons Ne and the outer volume of compressed gas behind the shock
front where

an

arises from changes in neutral pressure p. Considering

first the central region under Illumination by dye-laser light with A
514 nm, using equation 3.5 we find that
Ne -

8.44 x 10 21 (1 - n) [cm-'],

(3.9)

which predicts a negative refractivity n-l in a plasma. Now, for air
at atmospheric pressure and a temperature of 293 K, the refractivity
is 2.92 x 10-' whereas in figure 3.2(b), there is a maximum negative
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refractive-index change

an

of less than -3.0 x 10- 4 • This value sets

an upper limit on the electron density Ne of the plasma for, > 1.0
~s

of only about 7 x 10'6 cm- 3 which corresponds to the stripping of

a single electron from every thousandth gas atom in the air. With a
core diameter of 1.2 mm, we therefore calculate a total of 6 x 10'3
electrons within the bounds of the plasma. Since it is not possible
to obtain a sufficiently accurate value for

~n

at small values of r

in figure 3.2(b), however, this number is probably much higher than
the true value.
Using the Cladstone-Dale relation, the peak change In pressure Pp
arising from the passage of the shock wave for t - 1.0

~s

600 mbar; this falls to less than 200 mbar for' - 5.0

is around

~s.

Between

these two times the radius rp of the wave has increased by a factor
of about 2.6 while its speed has decreased by a factor of 1.9. The
profile of the wave is roughly the same beneath (r < 0) and above (r

> 0) the focus of the laser beam and in both cases the leading edge
of the shock takes up about 170

~m.

An estimate of the energy Es of

the expanding shock at various delays may be obtained by evaluating
the integrals Jp 2 dr over the relevant parts of the five profi les as
described in § 5.2.2. Using this method, Es increases from about 30
~J

at t - 1.0

~s

to 160

~J

at t - 5.0

~s.

The reason for this large

apparent variation in energy probably arises from the strong heating
effects which accompany the shock compression of a gaseous material.

3.2.2. Changes in wave emission with laser energy
By varying the voltage appl ied to the flash tube of the neodymium
laser,

it was possible to vary the energy Eo incident upon the air

around the focal point of the lens while, at the same time, keeping
the duration TO of the infrared pulse constant at 8 ns. It was thus
easy to quantitatively vary the optical power density I available to
create a plasma up to about 50 CW cm- 2 • The lowest radiant energy Eo
at which a visible spark was normally found to be formed was 2.8 mJ
which corresponded to a threshold laser intensity Ith of 28 CW cm- 2 •
Using the clean-air formula of equation 3.6 with h - 1.06
other hand, we find Ith - 230 CW

cm- 2 -

~m,

on the

over eight times greater. As

a result, we may conclude that the governing process for the initial
breakdown of the gas is due to the interact ion of the incident laser
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beam with aerosol particles (Smith 1981), an effect which reduces (,h
by an order of magnitude. This hypothesis Is supported by the poorly
defined nature of the cut-off intensity: at ED - 2.8 mJ, for example,
around one half of the total number of laser shots causes a definite
spark whereas the remainder do not. At this point, there is probably
a SO % chance of one or more particles of sufficient diameter being
within the focal region during any particular laser pulse. Moreover,
when compared with the work detailed by Smith, the measured value of
lth suggests a maximum particle diameter of about a micromctrc.

Presented In figure 3.3 are three corresponding pairs of schlieren
and Interferometric pictures of plasmas with neodymium-pulse energies
ED varying from the threshold value for breakdown of 2.8 mJ (a) up to
a maximum value of 4.8 mJ (c) at t - 3.4

~s.

As directly evident from

these images, the spark grows as the power density is increased: for
( - 28 GW cm- 2 (a) the respective length and diameter of the luminous
region are 600 and 230
800 and 340

~m,

~m;

for ( - 48 GW cm- 2 (c) the dimensions are

respectively. Increasing the intensity ( by a factor

of 1.7 therefore produces a 2.9-fold increase in the total volume of
the resulting spark. It Is also evident that at larger energies, the
radii of the spherical plasma and the emitted shock wave are greater
than for values just above (,h. At ( - 28 GW cm- 2 , for instance, the
diameter of the central core at , - 3.4

GW cm- 2 it Is 980

~m.

~s

Is 730

~m

while at ( - 48

Using equation 3.8, the energy Eg of the plasma

at these two power densities is 23 and 101

~J,

which are respectively

0.8 and 2.1 % of the corresponding values of laser energy E D • As a
consequence, the efficiency of the breakdown process is enhanced at
higher power densities -

presumably due to a greater absorption of

radiation in the larger spark.
As mentioned In the previous section, the spatial co-ordinate s of
the propagating shock front increases with time as

t D .&.

In fact, we

also have
s '"

[1/5

t

3/5

,

(3.10)

from shock-wave .theory (e.g. Ready 1971). For an Increase In optical
power density from 28 to 48 GW cm-', therefore, the radius s of the
shock wave should increase by a factor of 1.11 with any single value
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[e], 4.2 [D] and 4. 8 mJ [4].
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of t. This is exactly the case for t - 3.4
2.39 mm, respectively.

~s

at which rp - 2.15 and

..'

Radial profiles an(r) of refractive-index change around the spark
as calculated from interferograms including those of figure 3.3 are
together plotted in figures 3.4(a) and (b). These two graphs clearly
demonstrate the increase in size of both the plasma and the emitted
transient with laser energy Eo at constant t. Furthermore, however,
the increasing strength of the shock wave at larger values of Eo is
also shown - for [ - 28 and 48 GW cm- 2 again, Pp

= 0.6

and 1.0 bar,

respectively. The drop in refractivity arising from the hot plasma,
although increasing in extent with Eo,

remains roughly constant at

about -3 x 10- 4 which produces a marginally negative absolute value
of refractive index n, as expected.
In summary, therefore, when the neodymium-laser beam Is focused to
a beam waist of 40

~m

in atmospheric air, a cylindrical spark with a

length of up to about a millimetre is formed when the optical power
density exceeds about 28 GW cm- 2 • This high-temperature and luminous
plasma initially expands in an axial direction as a detonation wave
with a t o . 6 time dependence. As a result, an ovoidal shock structure
develops around the edge of the plasma and becomes detached from the
hot body of gas after less than a microsecond. Whereas the resulting
shock wave maintains its t o . s time dependence as it travels outwards,
the rate of expansion of the plasma itself decreases giving s
At

t

=5

~s,

«

t o. 4

•

where the maximum pressure associated with the wave has

fallen to about 200 mbar for I - 46 GW cm- 2 , the axial growth of the
plasma effect Ively ends whi le the radial growth cont Inues at a much
reduced rate. After about a mi Ilisecond, when the plasma has almost
completely died away,

Its radial diameter is about 4 mm whereas its

thickness Is only about half this value. Furthermore, when a plasma
is formed, the position and velocity of the radiated shock wave are
found to be proportional to

[0.2

for any particular time t.
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4. lASER-GENERATED ACOUSTIC TRANSIENTS IN SOLIDS
4.1. Introduction
4.1.1. Ultrasonic generation by focused laser radiation
When high-power radiation from a Q-swltched laser Is focused on or
near an opaque solid target in vacuo, the Irradiated surface material
may be heated to temperatures of thousands of kelvin In the order of
a nanosecond. As a consequence, the material within the focal region
of the laser beam may very rapidly be vaporised and ablated with the
end result that a dense cloud of vapour is formed above the 'surface.
When Irradiated by the remainder of the laser pulse, this vapour may
be converted to an opaque high-density plasma, the fast expansion of
which generates a high-frequency recoil stress direct Iy beneath the
solid surface. This stress field propagates outwards within the bulk
of the solid as longitudinal (P-) and transverse (S-) acoustic waves
and along its edge as Rayleigh or other guided surface waves. These
different modes may be detected at the surface of the material where
they cause t rans ient surface movements of the order of a nanomet re.
Furthermore, when situated In atmospheric air,

the breakdown may be

transferred from the vapour to the surrounding gas, so Intensifying
and prolonging the resulting plasma and enhancing the efficiency of
ultrasonic generation.
The experimental work out I ined in the following pages was mainly
concerned wl th the generat ion of ul trasonic waves at sol id surfaces
using a 5-mJ Q-switched Nd:YAG laser with a pulse duration of 8 ns.
By focusing the radiation down to an area of about 10- 5 cm', power
densities of up to 5

X

10 '0 W cm-' were produced at opaque metallic

and transparent polymer boundaries in both air and dlst i lied water.
~ith

opaque materials, measurements were made on the acoust ic waves

created in the surrounding fluid media; with transparent materials,
measurements were, also made within the solid itself.
4.1.2. Focused laser interactions with solids - previous work
One of the very earliest records of plasma formation on a solid by
focused laser radiation was made as long ago -as 1964 by Llnlor using
a 200-mJ Q-swltched ruby laser with a pulse length of 40 ns. Samples
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of aluminium and gold foil were placed In a vacuum chamber at an air
pressure of 10- 9 bar and irradiated by laser light with an Intensity
of 5.4 GW cm->.

In the case of aluminium, about 99 % of the incident

radiation was absorbed by the resulting plasma, while In the case of
gold the figure was 94 %. This waS In stark contrast with the normal
situation at visible wavelengths where most of the radiation was, of
course, direct Iy reflected from the metallic sol ids. When a thicker
sample of aluminium was positioned at the focus of the laser beam, a
bluish luminous region was observed near the edge of the plasma as
captured via colour time-exposure photography.

Furthermore,

a white

circular spot with a diameter of 2 mm was also seen near the surface
of the target material. The size and shape of this plasma was varied
by applying an external magnetic field to the apparatus from a pair
of coils, the area of the luminous core being inversely proportional
to the flux density. As a consequence,
produced plasmas might,

It was postulated that laser-

in the future,

be confined in space by the

action of a controllable magnetic field the field of laser fusion.

an idea now important

in

In addition, measurements of the lifetime

of the plasma were made by detect ing the diamagnet ism arising from
the .Ionised atoms -

the Intensity of the plasma was found to fall

to

a half of Its maximum value after about 2 p.s and disappear totally
after another mill isecond"
During the late Sixties and early Seventies, by which time plasma
production on solid materials by focused laser radiation had already
become a well-establ ished phenomenon,

a large number of workers all

around the world undertook a variety of studies In the field.
were usually mot ivated by the distant

These

ideal of achieving controlled

nuclear fusion by Ionising solid targets at temperatures of tens of
thousands of kelvin using pulsed laser sources. Much of this early
work was summarised by Ready (1971), who considered a wide range of
laser intensitles Including those obtained from Q-switched devices.
The author pointed out that,
solid target,
At

for a plasma to be generated using a

the material first needed to be heated and vaporised.

lower optical power densities,

greater than for Q-swi tched

where the pulse duration was far

lasers,

these processes were doml nat ed

largely by conduction of heat

Into the bulk of the solid.

swl tchlng,

where

on the other hand,
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With Q-

the pulse durat Ion was around

10- 8 s,

there was Insufficient time for the heat

distance. As a consequence,

to travel a

the vaporisat Ion of the

laser intenslties was governed mainly by the

target

latent heat

large

at
L

high

of the

The threshold power density lc above which thermal

sol Id material.

conductivity K could be neglected was given roughly by
(4.1)

where Pro and C are the respective density and specific heat capacity
of the solid and

TO

Is the duration of the laser pUlse. Using normal

pulsed lasers, therefore, for which lc

= 10' W cm-' on many metallic

materials, simple vaporlsat ion could produce craters with depths of
up to a millimetre. Using Q-switched lasers with lc = 10· W cm-', on
the other hand, a mixture of vaporisation and ablation yielded more
compact damage sites with depths of only a few mlcrometres.
Ready (1971) also described the mechanisms by which the vaporised
material was converted to a plasma at even higher intensities. With
Q-switched devices, as mentioned above,

the radiant energy would be

absorbed within a very small volume of sol id material causing rapid
heating and vaporisation during the early stages of the laser pulse.
The resul t Ing metal I ic vapour would then be further heated via the
process of Inverse bremsstrahlung by the remainder of the pulse. As
fully described in § 3.1.2,

this

Involved the absorption of single

photons of laser radiat Ion by free electrons under the Influence of
charged ions. As the density of free electrons rose,
plasma became Increasingly opaque to the
rate of absorpt ion cont inued to grow.
process occurred,

the developing

incident radiation and the

Consequent ly,

a cascade-type

the plasma density increasing exponentlally until

the end of the laser pulse. As the hot plasma subsequently expanded,
its density rapidly dropped off and It became transparent once more.
Since the mechanisms of energy loss from the plasma were relat ively
slow, however,

the solid target

remained at a high temperature for

much longer than might otherwise have been expected.
One of the most informative pieces of work on plasma generation at
metallic surfaces both in vacuo and In atmospheric air was performed
fifteen years ago by Krehl et al. (1975) with a 6-J 25-ns Q-swltched
neodymium laser. Radiation from this device was partly focused onto
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the surface of an aluminium disc-shaped target at an Incident angle
of 30' giving power densities of 370 or 4200 MW cm- 2 depending upon
t he

I ens-sampl e

separat Ion.

Measurement s

of the st resses deve loped

within the sol id were enacted at the lower intensity using a quartz
transducer attached to the rear of the sample. With an air pressure
of only about 10- 8 bar, a peak stress of 800 bar was created In the
solid, the duration of the compressional wave being similar to that
of the incident

laser pulse. With atmospheric air,

peak stress was less than 400 bar although the

in contrast,

the

length of the pulse

was significantly greater due to the longer lifetime of the plasma.
Consequently, whereas the

Impulse applied to the target at 10- 8 bar

was about 6 x 10- 5 kg ms-', the impulse at 1 bar was slightly more.
In addition,

complementary measurements of plasma density ahead of

the target with I -

4200 MW cm-> and Poo

10- 8 bar were carried out
20 ns - during laser

using a tungsten electrostatic probe. For t Irradiation -

the main part of the plasma remained

In contact with

the solid surface while a smaller port Ion propagated out along the
reflected laser beam at a speed of 1100 kms-'.

After about

120 ns,

when the transfer of momentum to the target had nearly ceased,

the

core of the plasma became separated from the surface, and expanded
along the normal to that surface at a velocity of 110 kms-'. At t -

400 ns, when the rate of growth had decreased to only 50 kms-' , the
number of photo-Ions making up the plasma was est Imated as 10'
about 10

~

6

or

of the total mass ejected from the target per shot. The

Ions did, on the other hand, contribute 80

~

of the total momentum

transfer to the metallic solid due to their much higher velocities.
Using a simple model of the process, the workers were also able to
predict the temperature distribution within the sample at any time.
Indeed,

the surface temperature was found to

value of almost 10 000 K after about 50 ns.
of 10

~m

In addition, for depths

or less, the temperature stayed above the evaporation point

of aluminium for-around 10
It

increase to a maximum

did not

increase above

plasma was confined to a

~s,

while at depths of more than 100

the melting point
thin surface

layer,

at

all.

Although

therefore,

it

~m,

the

lasted

several orders of magnitude longer than the incident laser pulse.
With the use of lasers In the wide field of industrial processing
of materials in mind, Ustinov et al. (1985) recently carried out one
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of the few theoretical studies to date of iaser-produced plasmas at
sol id surfaces in atmospheric air. In this work, the authors pointed
out the three main stages necessary for complete breakdown to occur
in such a situation. These were
(i)

heating the surface to its evaporation temperature;

(ii)

heating the expanding vapour to its ignition temperature;

(iii) transition of breakdown from the vapour to the air.
In this definition, the ignition temperature was that temperature at
which the expanding vapour became opaque to the incident radiation,
i.e. when the electron density had increased well above its originai
level. By assuming the solid surface to be made up of a large number
of defects or "irregularities" with a distribution of sizes,

it was

possible to formulate a series of equations describing the durations
of these three regimes. Using this method, it was found that stages
(ii) and (iii) required much less time for completion than stage (i).
Moreover, since stage (i) was largely governed by the size - but not
shape - of the irregularities, then the same could be said for the
whole process. Consequently, the time at which breakdown appeared at
a solid surface, while being marginally dependent upon the nature of
the incident beam and the physical properties of the bulk solid, was
most strongly determined by the quality of finish of the surface.

4.1.3. Laser generation of ultrasound in solids - previous work
The first recorded observation of the generation of acoustic waves
by coherent radiation in solid materials was made by White (1963) who
allowed the unfocused light from a puised ruby laser to illuminate a
piezoelectric probe in vacuo. Although no quantitative measurements
of stress were carried out, the electrical signature from the probe,
which was constructed from a crystal of barium titanate, showed the
detailed temporal structure of the incident laser pulse with a timescale of tens of , microseconds. Furthermore, the relative amp I itudes
of the elast ic waves were found to increase when a biackened target
was introduced in front of the probe indicating the disturbances to
be thermal in origin rather than arising from a transfer of photon
momentum to the sol id. The radiat ion was therefore postulated to be
absorbed within a thin surface layer of material which was rapidly
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heated so giving a steep temperature gradient from which an acoustic
transient was launched. As such, this mechanism of generation could
rightly be labelled thermoelastic.
One of the earliest experimental studies of the creation of stress
waves at the surface of an opaque solid via laser-induced plasmas was
performed by Fox & Barr (1973) who partly focused the 440-J infrared
output from a Q-switched neodymium-glass laser with a pulse duration
of 30 ns onto the surface of aluminium sheets in atmospheric air. For
a target thickness of 1.0 mm and a laser fluence of 35 J cm- 2 , plane
waves with a peak stress of more than a kilobar were recorded on the
other side of the sheet using a quartz transducer. The rise time of
these waves was 10 ns while their durat ion was roughly equal to that
of the incident laser pulse. Moreover, for fluences up to around 100
J

cm- 2 , the peak stress induced within the solid was proportional to

the fluence - at higher values plasma shielding reduced the pressure
applied to the material. For a constant fluence, the peak stress was
also found to decrease linearly with increasing pulse length, a fact
which suggested the use of very short laser pulses for the efficient
generation of large-amplitude waves.
The simultaneous creation of longitudinal, transverse and Rayleigh
waves at the surface of a solid material using laser light was first
explored by Ledbetter & Moulder (1979) who considered the effect of a
1-J Q-switched Nd-glass device with a pulse length of 14 ns upon an
alloy of aluminium. Optical power densities of around a gigawatt per
square centimetre were attained by focusing the radiation to a line
with a cylindrical lens. Although insufficiently great to produce a
plasma, these intensities were large enough to vaporise the metallic
surface and hence generate acoustic waves via the recoil of neutral
atoms. Measurements of the speeds of the three types of disturbance
were made using a quartz transducer which was capable of detecting
both shear and longitudinal wave components. The compressional wave
was the first to reach the transducer after a time to followed next
by the shear wave at t = 2t o ' The Rayleigh wave, whose velocity was
slightly less than that of the transverse wave, arrived last of the
three having propagated around two sharp right-angled corners.
Probably the most comprehensive theoretical and experimental study
of laser-generated acoust ic waves in metals to date was carried out
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around a decade ago by Hutchlns et al. (1981) who considered optical
power densities on both sides of the threshold for plasma formation.
In this work, the test material was a 100-mm-dlameter hemispherical
block of aluminium alloy onto which the 24-ns Infrared pulse from a
30-mJ Q-swltched Nd:YAG laser was directed. Acoustic transients were
detected In the far-field at the curved surface of the block using a
pair of piezoelectric ceramic tranducers with respective bandwidths
of 1 and 5 MHz. With unfocused laser radiation (/ - 13 MW cm-'), for
which the thermoelastic mechanism was responsible for wave formation,
the resulting dlrectivlty patterns strongly resembled those due to a
point shear source: the P-waves were largest In amplitude at angles 0
between 55' and 75

to the normal to the surface; the S-waves, on the

other hand, were directed mainly towards 0 ~ 30'. As a result, it was
concluded that stresses parallel to the surface were by far the most
Important factor In the thermoelastic regime. At higher optical power
densities, where a plasma was formed and ablation of material was the
dominant generat ing mechanism,

the equivalent patterns were simi lar

to those arising from a disc source driven normal to the surface. For
longitudinal waves, the maximum amplitude was directed perpendicular
to the surface (figure 4.I(a»; for shear waves, the peak amplitude
was directed at 0 ~ 35' (figure 4.1(b». Consequently, ablative wave
generation caused mostly normal drive components. Despite the use of
simple sinusoidally-varying theoretical ultrasonic forces, therefore,
very good agreement was observed with the pulsed experimental forces
obtained from the Q-switched laser.

A study of the amplitudes and shapes of ultrasonic waves generated
via the same neodymium:YAG laser on metallic discs with a diameter of
25 mm was performed only a few months later by Dewhurst et al. (1982)
using a capacitance transducer. A series of displacement waveforms on
the far side of the discs were obtained over a wide range of incident
laser energies and intensities using several metals. For low optical
power densities - the thermoelastic regime - the acoustic transients
produced a resultant depression at the far surface of a fraction of a
nanometre. For a constant laser energy of 33 mJ, in fact, the changes
in surface position arising from the P- and S-waves remained constant
at about 50 and 200 pm, respectively, as the Intensity was varied up
to about 20 W cm-'. Moreover, the surface-displacement amplitude was
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also shown to vary in proportion with the incident laser energy below
the plasma threshold. For relatively high intensities - the ablative
regime - the resultant waveforms increased dramatically in amplitude,
the P-wave becoming much more pronounced than the S-wave. This effect
is clearly shown in figure 4.2 for which a maximum P-wave depression
of a about nanometre was achieved for I - 250 MW cm- 2 ; at this power
density the S-wave step height was less than 100 pm. For even higher
laser intensities, for which the resulting spark became very bright,
the P-wave amplitude decreased once more as plasma shielding started
to play a significant role.
One of the few photographic studies of laser-generated ultrasound
in transparent solids was performed fairly recently by Amironoff et
al. (1985) who, being primarily interested in its application to the
field of fusion technology,
more than 10'4 W cm- 2

-

used extremely high power densities of

around a million times more than those used

by Hutchins et al., for example. Shock waves with peak pressures of
about 6 Mbar were created in a perspex target by partially focusing
the 1.3-~ infrared radiation from an iodine laser onto its surface
in vacuo. With a laser energy of 68 J and a pulse length of 300 ps,

in fact, a plasma was formed beneath the surface of the sample to a
depth of about 500 I'm. Using a 10-ps pulsed visible dye laser, the
workers were able to record clear shadowgraphic images of the shock
waves on normal photographic fi Im. At t = 30 ns, these waves became
detached from the ionised region and propagated outwards as a hemispherical front with a speed of about 5 kms-'. Furthermore, a plane
elast ic rarefact ional wave was also released from the outer edge of
the solid; this second disturbance travelled at the sound speed of 3
kms-'. The subsequent damage site on the surface of the perspex was
circular in shape with a diameter of around a mi II imetre -

nearly

twice that of the incident laser beam at that point.
From the related perspective of laser-induced damage in polymers,
Zyung et al. (1988) carried out an ultra-fast photographic study of
the behaviour of a perspex target when irradiated via a mode-locked,
frequency-doubled Nd:YAG laser with h - 532 nm. The duration of the
output in this case was only 77 ps and the energy of each pulse was
650 I'J, five-sixths of which was focused onto the transparent solid
giving an average power density of around 500 GW cm- 2 • The remaining

9S

100

~J

or so of the beam was expanded, retarded In phase by A/2 and

delayed before finally being directed along the optical axis of the
main part of the beam as a counter-propagating shadowgraphlc probe.
Single-shot Images of the damage process were recorded and processed
using a video camera, a digital frame store and a personal computer.
In atmospheric air, a shock wave was observed to develop In the gas
after about a nanosecond with an Initial velocity of around 7 kIDs-';
in vacuo, on the other hand, a P-wave was generated In the polymer
with a velocity equal to the sound speed of the solid for t > 1 ns.
The diameter of the permanent damage site In both cases was 40 'K of
the beam waist at the surface,

I.e. about 20

~m.

Furthermore,

attenuation of the probe beam by the damage core was greater for
1 ns than for t - ., as might be expected I f the hot

the
t

<

laser-produced

plasma lasted somewhat longer than the Incident laser pulse.
The first

investigation of acoustic-wave generation by the action

of a focused laser beam In atmospheric air was undertaken only two
years ago by Edwards et al.

(1989). These workers used a germanium

lens with a focal length of lOO mm to focus the I-J pulse from a TEA
CO, laser close to the surface of an 10-mm-thick aluminium or steel

block. Measurements of the displacement and velocity of the far edge
of the sample were respectively enacted using a probe Interferometer
and a variety· of electromagnetic acoust Ic transducers (EMATs). Since
the reflectlvltles of both metals at 10.6

~m

were large - more than

90 'K - only a small fraction of the Incident radiation was absorbed
and it was easy to form an air plasma. The resulting acoustic waves
were of greatest amplitude when the lens-sample distance was either
85 or 115 mm, the amplitude between these values being significantly
less. Since the ultrasonic waves in the solids were generated via the
shock wave given out from the expanding air plasma,

the maximum P-

wave amplitude In the two materials was governed by their acoust ic
Impedances.

Indeed,

the maximum displacement observed from the wave

In steel was 7 mm, while that In aluminium was 2.7 times this value
in accordance with theory. The rise times of the P- and S-waves were
each about 50 ns - the same as that of the Incident infrared pulse and their dlrectlvltles were similar to that measured previously for
an ablative source (figure 4.1). However, due to the finite size of
the source of ultrasound at the solid surface, the P-wave was found
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to be slightly more strongly directed perpendicular to the surface,
its duration being also lengthened as a result of the long lifetime
of the air plasma.
Most recently, Taylor et al.

(1990) extended the experimental work

of Edwards et al. with the same apparatus In a study of the formation
of ultrasound In perspex with A - 10.6 pm. With power densities less
than about 10 MW cm-', for which the thermoelastic effect dominated,
the ultrasonic source was found to decay exponentlally with depth of
material, the P-wave step height Increasing linearly with laser-beam
Intensity. Between about 10 and 50 MW cm-', however, when ablation of
material began to produce a considerable normal force, the amplitude
of the P-wave Increased rapidly. With power densities Just above the
breakdown threshold In air, for which a plasma could be generated In
the close vicinity of the solid,

the amplitude of the now monopolar

P-wave Increased yet again to a value of more than 160 nm while that
of the S-wave decreased. With even higher laser Intensltles,

the P-

wave became bipolar in nature as a detonat Ion wave developed at the
edge of the air plasma.
In summary, therefore, most work performed In the field of lasersolid Interactions during the last thirty years has fallen
of three main categories:

thermonuclear fusion,

material

Into one

processing

and ultrasonic generat Ion. Within the latter, work has been further
divided Into the thermoelastic and ablative regimes for

Intensities

below and above a threshold value of about 10 7 W cm-', respectively.
When carried out via the thermoelastlc mechanism,
ultrasound using lasers
the

Is a

truly non-destructive

Increases in temperature are Insufficient

In phase of the

the generation of

target material.

technique since

to produce any change

Unfortunately however,

ultrasound

formed by this method is of very low amplitude, particularly In the
longitudinal mode.

For reasonable P-wave amplitudes,

It

Is usually

necessary to use the ablat Ive method of generat ion which must Its very nature Alternatively,

by

cause some damage to the surface of the material.

as only recently demonstrated,

an air plasma may be

produced In the close viCinity of the target,

the necessary changes

in phase being performed at a safe distance.
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4.2. Acoustic-wave generation at air-solid boundaries
4.2.1. Propagation of acoustic waves near a plane surface

As described fully in the previous section, most experimental work
performed to date on the laser-generation of acoustic waves in solid
materials has involved the measurement of surface displacements using
pressure transducers of one kind or another. Where optical techniques
have been employed, they have generally been of the beam-deflection
variety and have therefore not yielded quantitative values of stress
within the target material. As a result, it was decided to carry out
an interferometric invest igat ion of the stress waves developed in a
transparent plastic material when Irradiated by Q-switched YAG laser
"I ight" using the apparatus described in chapter two. Although this
technique was not capable of detecting transverse acoustic modes, it
was possible to obtain a precise measure of the longitUdinal stress
arising from P-waves inside the solid.
The transparent material used in this work was perspex, i.e. polymethyl-methacrylate, which was supplied in the form of a 19-mm-thick
cast sheet. Rectangular blocks were cut from this sheet using a band
saw and carefully machined under running water down to dimensions of
25 x 25 mm. In this way, the permanent stresses induced at the edges
of the blocks were kept to a minimum. Moreover, the orientat ions of
the cut blocks with respect to the original sheet were also noted in
such a manner as to closely match the test and compensating samples
in the two arms of the Mach-Zehnder interferometer. By superimposing
the direct and reflected images of the specimens across the field of
view of the instrument, it was therefore possible to obtain a fairly
linear fringe pattern right up to the edge of the blocks.
In this piece of work, Q-switched neodymium radiation with a pulse
duration

TO

of 8 ns and an energy Eo of 4.6 ± 0.2 mJ was focused via

a pair of lenses onto a perspex block in atmospheric air to yield an
average power density I at the focal plane of 46 GW cm->. Breakdown
was therefore caused to occur in the air close to the surface of the
solid material, an intense bluish spark being created just above the
upper edge of the block. As observed for simple air breakdown In §
3.2, a short crack of sound accompanied the flash of light from the
plasma due to the emission of a blast wave. Since the volume of this
noise, as experienced directly by the experimenter, was appreciably
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greater than that heard for air breakdown,

It was concluded that the

alr-perspex plasma was of a much higher density for the same laser
intens i ty.
Us>lng equation 4.1,

the threshold optical power density lc above

which the thermal conductivity of perspex could safely be neglected
was calculated to be over 10· times less than the average Intensity
of the incident neodymium-laser pulse -

see table 4.1. As a result,

the generat Ion of ultrasound In this material depended largely upon
the

relatively low

methyl-methacrylate

e.ne.rjy

required to convert

(CH 3 .CH 2 .C.COO.CH3)

and

thence

the polymer
to vaporise

monomer. This therefore meant that the stress gradients set
the surface were very steep and that

to
the

up near

the rise times of the elast ic

disturbances were very short.
Presented in figure 4.3 are three pairs of enhanced schlleren and
interferometric images of the acoustic transients produced on either
side of the air-perspex Interface when subjected to a pulse of light
as outlined above.

In each picture, the boundary is represented as a

narrow horizontal line while the> solid medium occupies the lower twothirds of the field of view.

In the schlieren images,

the blast and

P-waves are visualised as regions of varying brightness except

in a

1.S-mm-thick strip direct Iy beneath the surface where the permanent
stress caused light to be severely refracted.
Images, on the other hand,

In the interferometric

the blast wave and plasma are visual ised

as fringe dlsplacements. Since the Interferograms were taken without
a compensating sample, however,

the P-wave in the perspex is shown

only as a very weak shadow effect. Finally, the laser-Induced spark
appears at the centre of the surface on each interferogram in spite
of the short time for which It actually remains luminous due to the
relatively slow "shutter speed" of the video camera.
From figure 4.3, it Is clear that the P-wave In perspex propagates
outwards as an elastic disturbance at the longitudinal-wave velocity

a of the polymer,> I.e. 2300 ms-'. A corresponding S-wave has no doubt
also been generated at the shear-wave velocity

(~

- 990 ms-') but it

does not appear since It does not cause any density change within the
material.

In the gaseous medium, on the other hand,

the velocity of

the hemsipherlcal blast wave falls from an Initial value of more than
2 kms-' down to only 780 ms-' for t -
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1.0 ps and then asymptotically

K

L

[J kg-' ]

8.9 x 10 s

Perspex
Crown glass

C

lc

[W m-' K-'] [J kg-' K-'] [W cm-']
1.9 x 10-'
1.0 x 100

1.5 x 10 3
6.7

X

10'

7.7

X

10 s

Aluminium

1.3 x 10 7

2.4

X

10'

8.8

X

10'

8.1

X

10·

MI Id stee I

7.5 x 10·

6.3

X

10'

4.8

X

10'

5.3

X

10·

Brass

5.6 x 10·

1.1

X

10'

3.7

X

10'

6.3

X

10·

TABLE 4.1. Previously measured thermal constants and threshold power
densities for the solids used In the laser generation of ultrasonic
waves. Values taken from Tennent

(1976). Scruby & Drain (1990) or

Forsythe (1964).

p",

B

[kgm- 3 ] [GPa]

a

G

cr

(J

crla

[ms-'] [ms-'] [ms-']

[GPa]

Perspex

1180

4.4

1.2

0.380

2250

990

930

0.41

Crown glass

2510

41.2

29.4

0.213

5660

3420

3127

0.55

Aluminium

2700

74.9

26.1

0.344

6374

3111

2906

0.46

Mild steel

7820

168.7

81.8

0.291

5960

3235

2996

0.50

Brass

8420

111.5

37.1

0.350

4372

2100

1964

0.45

TABLE 4.2. Previously measured mechanical

constants

for the so lids

used In the laser-generation of ultrasonic waves. Values taken from
Kaye & Laby (1972), Scruby & Drain (1990) or Lombard (1990).
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FIGURE 4.3.

Schl ieren photographs and interferograms of neodymium-

laser-induced acoustic waves near an air-perspex boundary at times
of (a) 0.6, (b) 1.0 and (c) 1.4 ~s. Horizontal bar - 1.0 mm.
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t

down towards the sound speed In alr .. of 340 ms-I.

Indeed, the radial

displacement s of the blast wave from the emission centre increases
roughly as

,0.6

such that its speed v decreases as

,-0.4

as observed

for the air plasma of § 3.2. However, for the plasma produced at an
alr-perspex boundary, the velocity v at any instant was around 30

~

greater for the same laser energy Eo.
The laser-induced plasma itself Is visualised in the schlleren and
Interferometric images of figure 4.3 as a faint dark ring and a sharp
change in fringe gradient Inside the blast wave, respectively. These
two effects arise from the sharp decrease In refractivity at the edge
of the plasma as the electron density Ne Increases. As is clear from
figure 4.3, the hot plasma expands much more slowly than the emitted
blast wave although It retains its spherical shape over the range of
delays considered. Indeed, as predicted in equation 3.8 and confirmed
for a laser-produced air spark, the radial displacement s of the edge
of the plasma varies In proportion to the 0.4th power of time ,. The
energy Eg associated with the hot expanding plasma is thus given via
equation 3.8 to be about 800 pJ - twenty times that of the air spark
and over one-sixth of the Incident laser energy Eo.
In order to determine the longitudinal stresses arising from the P-

wave within the perspex, fringes were obtained in both media at the
same time by placing a second transparent block in the reference arm
of the Interferometer at the conjugate plane of the video sensor. In
this way, simultaneous measurements of the transient density changes
In the two materials were made right up to the Interface. Figure 4.4
shows a set of six Interferograms with 0.8 ps <: , <: 1.8 ps in which
the boundary Is visible at the top of the field of view as a narrow
horizontal

line. Since it was not feasible to match the samples In

the two interferometer arms exactly, the undisturbed orientation and
separation of the resulting fringes are not the same in the air and
perspex, nor are the fringes linear within the perspex - especially
near the Interface. As may nonetheless readily be deduced from the
pictures, the P-wave comprises both compressional and rarefactional
elements with a total duration of about 250 ns. Furthermore, because
the maximum fringe shift falls from Image to image, so does the peak
compressional stress developed within the sol id - an obvious effect
arising from geometrical and absorptive attenuation.
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FIGURE 4.4.

Interferograms of laser-induced acoust ic waves

air-perspex boundary at

times t

1.4, (e) 1.6 and (f) 1.8

~s.

of (8)

0.8,

(b)

l.0,

Horizontal bar - 1.0 mm.
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(c)

near an
l.2,

(d)

Radial longitudinal stress profiles Pa(r) of the P-wave In perspex
are presented In figures 4.5(a) and (b) for clarity. These ten curves
were calculated using the most central dark fringe of Interferograms
Including those displayed In figure 4.4 and thus represent the P-wave
amplitude along the normal to the surface. The longitudinal transient
Is made up of a compressional pulse with a rise time Tp of only 8 ns
- equal to the duration

TO

of the incident laser pulse - followed by

two or more smaller amplitude rarefactional and compressional pulses.
Whereas the total duration of the primary pulse Is about 60 ns, each
secondary pulse has a length of about lOO ns which corresponds to an
ultrasonic frequency of 5 MHz. Moreover, as expected for all elastic
disturbances, the pulses do not undergo dispersion as they propagate
outwards.
The peak stress Pp arising from the first and second compressional
pulses of the P-wave are plotted in figure 4.6 as a function of I/rp
where rp Is the radial position at which Pp occurs. From these data,
It Is clear that the amplitudes of the pulses are roughly attenuated
In Inverse proportion to their distance travelled In accordance with
geometrical theory.

In fact, the normalised amplitude of the primary

pulse Is 44 bar mm, while that of the second compressional pulse is
about one-third of this value. In addition, however, the P-wave also
suffers a relatively small amount of absorption within the polymer,
the attenuation constant being 57 m-I with f - 2.5 MHz (Kaye & Laby
1972). This being the case, the amplitude of the wave Is reduced by
almost 6 % on top of geometrical attenuation for each millimetre It
travels. Despite this fact, when calculated from the values of Pa(r)
via equat Ion 5.17, the acoust ic energy ilEa of the P-wave Is roughly
constant at 1.5

±

0.2

~J

for

t

<

2.0

~s

-

less than two-thousandths

of the energy Eg associated with the expanding plasma.
Radial profiles iln(r) of the refractive-Index change arising from
the hemispherical blast wave in air are presented in figure 4.7 for
six values of t. These data were obtained from the Interferograms of
figure 4.3 and other similar images, the central dark fringes being
used where possible. From this figure, the maximum measured value of
iln was 7.5 x 10- 4 at

t

-

0.4

~s

which corresponds to a neutral gas

pressure of 2.7 bar - more than twice that at a similar value of rp
with normal air breakdown. As expected for a supersonic blast wave,
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Rad.IaI

stress profiles Pa(r)

for

the

laser-induced P-
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around the laser-induced plasma at an air-perspex boundary at times
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however, the peak pressure decreases faster than l/rp since thermal
energy Is constantly being dissipated. Finally, assuming a velocity v
of the blast wave of 780 ms-' at t - 1.0 ps, the rise time Tp of the
disturbance at this point Is about 130 ns - much longer than that of
the P-wave and the incident laser pulse.
In addition to P- and S-waves, the latter of which are not visible
under interferometric analysis, some previous workers have generated

Rayleigh waves at solid surfaces using laser-produced plasmas - see §
4.1.3. From the basic theory of elastic solids (e.g. Pollard 1977),
the velocity

Q

of the P-wave In an Isotropic material Is given by

[(B + (4GI3)) I

Poo]·/2,

(4.2)

where Band G are the respective bulk and shear moduli of the medium
and Poo Is Its undisturbed density. The velocity

~

of the equivalent

S-wave Is then given simply by
(4.3)
Moreover, the two bulk-wave velocities are related to each other via
the Poisson's ratio. of the material by the equation
(4.4)
Due to the limits placed upon the Poisson's ratio (i.e. 0

<

v

< 0.5),

the S-wave velocity may therefore never be more than roughly threequarters of the P-wave velocity in any solid material.
Now, a Rayleigh wave, In contrast with the P- and S-bulk waves, Is
a guided surface acoust Ic wave comprising two dlst Inct components one longitudinal and one transverse - which propagate at a velocity
c r given approximately by
cr

= [(0.87 + 1.12.) I (1 +

.)]~,

(4.5)

and whose amplitudes decrease exponentially with Increasing depth of
solid material (Vlktorov 1967). Since the two components are T/2 out
of phase with o!,e another, the trajectories of the particles within
the wave are elliptical, the direction of motion being clockwise for
depths less than about hiS where h Is the wavelength of the wave and
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anticlockwise for depths greater than A/S. Furthermore, the Rayleigh
wave is truly non-dispersive in isotropic media, most of its energy
being confined to a surface layer with a thickness of A to 2A. Using
equation 4.5, it is also clear that 0.87 .;; c r /(3 .;; 0.96 with 0 .;; " .;;
0.5. The Rayleigh-wave velocity Is thus typically 90 % of the S-wave
velocity, the latter usually being only about one-half of the P-wave
ve I oc I ty.
Mechanical constants and speeds of sound for the five sol Id media
studied In this section of work are together presented In table 4.2.
Using the value of cr/CI. for perspex, a Rayleigh wave - having been
generated by the laser pulse - would be shown on the interferograms
of figure 4.4 with rp about two-fifths that of the P-wave. Assuming
an ultrasonic frequency f of 5 MHz - as calculated for the P-wave the wavelength A of the Rayleigh wave would be about 250 pm and its
depth of penetration would be around half a millimetre. Furthermore,
because of its cylindrical as opposed to spherical symmetry about a
normal to the interface,

it would geometrically attenuate as r-·/ 2 ,

I.e. more slowly than P- or S- waves. In fact, no such surface wave
Is observed in any of the six images of figure 4.4 suggesting it to
be much weaker than the P-wave if it exists at all.
In summary, therefore, when a 4.6-mJ Q-switched infrared pulse is
focused at an alr-perspex boundary, the surface polymer In the focal
region Is ablated and vaporised causing a vapour-air plasma to form
which rapidly expands and emits a hemispherical blast wave Into the
adjacent gas. At the same time, a hemispherical P-wave is generated
In the solid from the recoil of perspex particles and the expansion
of the plasma. The rise time of the primary compressional transient
Is about equal to the duration of the laser pulse, the frequency of
the following rarefact lonal and compressional waves being 5 MHz. No
corresponding Rayleigh wave is generated at the solid boundary.

4.2.2. P-wave diffraction around a slot
After determining the nature of the laser-induced hemispherical Pwave in perspex, it was then possible to investigate the behaviour of
the disturbance when incident upon inhomogeneities of various types.
Figure 4.8 shows the interaction of a P-type transient with a 0.9-mm
horizontal slot, the emission centre of the wave - marked by a cross
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FIGURE 4.8.

Schl ieren photographs and

l'1ter.ferograms

of a

laser-

induced P-wave in perspex interacting with a horizontal slot at times
t

of (a) 0.8, (b) 1.2 and (c) 1.6 ~s. Horizontal bar _ 1.0 mm.
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FIGURE 4.8.

Schlieren photographs

and

Interferograms of a

laser-

induced P-wave in perspex Interacting with a horizontal slot at times
t

of (d) 1.8, (e) 2.0 and (f) 2.2

~s.
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In the first schlleren Image - being 2.6 mm vert Ically above the end
of the obstacle. As previously observed In perspex, the heat-Induced
permanent stresses produced a flbl ind" region beneath the surface in

schlleren mode and curved fringes around the slot In interferometric
mode, the latter arising from Imperfect path-length compensation in
the reference arm of the Instrument. The spacing of the interference
fringes In this case was set at about 680
used in § 4.2.1 -

~m

-

less than half that

In order that a larger number of profiles could be

evaluated from each Image. This unfortunately decreased the accuracy
of each stress profile due to the finite size of the pixels in each
image, I.e. 37

~m

or about a twentieth of a fringe.

Before coming Into contact with the slot, the longitudinal elastic
(P-) 'wave propagates spherlcally outwards as a pair of compressional

and rarefactional pulses (figure 4.8(8»

of roughly equal amplitude.

Five radial stress profiles Pa(r) of the P-wave at this stage -

from

the Interferogram of figure 4.8(8) - are presented In figure 4.9. As
may readily be determined from these curves, the rise time 'p of the
P-wave Is 70 ns while its wavelength A Is about 1.0 mm, both values
being greater than those measured in § 4.2.1. The difference between
the two sets of results may probably be attributed to the slightly
different position of the solid surface with respect to the focused
laser beam, the mechanism of acoust ic gene rat ion depending strongly
upon the intensity of radiation and the position of the plasma. The
normalised amplitude pprp of the compressional pulse Is 35 bar mm around four-fifths of the previously-measured value - which suggests
the distance between the laser-induced plasma and the surface to be
greater in this case.
When the left-hand portion of the wave Impinges upon the obstacle
(figures 4.8(b) and (c», part is reflected back upwards as a second
spherical P-wave and part

is presumably converted to an "Invisible"

S-wave In the perspex. After passing the slot (d,e,f), a small part
of the P-wave Is diffracted around the lower corner of the obstacle
Into the region of "geometrical shadow", the shape of the resulting
wave front being roughly ellipsoidal with the major axis lying along
the normal to the Image plane. As a consequence, the diffracted wave
Is shown In the schlieren pictures as a quadrant of a circle with a
radius of curvature rp-h where rp Is the radius of the Incident P-

111

20

10
,......,

....0

......
.0

0

,.;.\
.,: ...
l1l:I.

fI>..

J't -'

a.'"

.~~
II~
~

-10

-..

-20

-30
0.5

0.75

1.0

1.25

1.5
r [mm]

•
1.75

2.0

2.25

2.5

FIGURE 4.9. Radial stress profiles Pa(r) for a hemispherical P-wave
incident upon a 0.9-mm horizontal slot at a time' of 0.8
figure 4.8(8)). Profi les measured from first

[el. fourth [-l and fifth [.... l dark fringes.

112

,"S

(from

[xl. second [+l. third

wave and h is the distance between the lower corner of the slot and
the upper air-perspex Interface.
the diffracted wave front ,
Abel-inversion

routine

to

it

Due to the non-spherical

shape of

is not possible to employ the standard

accurately determine

associated with the P-wave beneath the slot.

the

stress

profile

However, estimates of

the relative peak stresses at different points along the wave front
may be made by comparing the maximum fringe shifts on a particular
interferogram.

From figure 4.8(d) where rp

= 4.3

mm and h

= 2.8

mm, for example,

the maximum displacement of the right-hand dark fringe is 230 pm or
about a third of the original fringe spacing at that point. Beneath
the end of the slot, on the other hand, from the fringe marked by a
square, the maximum shift

is about a tenth of the original spacing.

This corresponds to a diffraction angle ~ of 7' with respect to the
lower corner of the obstacle. Using the next fringe along, which is
marked by a circle, the shift is about 8 % for ~

= 39'

or a quarter

of that of the right-hand fringe. Consequently, the strength of the
main diffracted compressional pulse drops off sharply at
values

In the geometrical

shadow.

Furthermore,

larger

~

since the radius of

curvature of the diffracted part of the P-wave is less than that of
the unobstructed part,
particularly when rp

its amplitude falls more quickly with time -

= h.

Where visible in the schlleren pictures of figures 4.8(d)

to (f),

the diffracted P-wave appears to maintain a form simi lar to that of
the initial hemispherical disturbance of figure 4.9. Due to the
amplitude of the wave beneath the slot, however,

it

low

is not possible

to draw any more definite conclusions about the interactions of the
P-wave with the obstacle since the corresponding fringe shifts are
too small to make sufficiently precise measurements.

4.2.3. P-wave diffraction around a cylindrical hole
Presented in figures 4.10 and 4.11 are two sets of schl ieren and
Interferometric Images of the Interact ion of a

laser-induced P-wave

In perpsex with cylindrical holes with diameters of 0.8 and 1.2 mm,
respectively. The central axis of each hole is perpendicular to the
Image plane and lies 2.2 mm below the alr-perspex boundary.

In both

sets of Interferograms, the boundary appears as three grey bands of
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FIGURE 4.10.

Schl ieren photographs

and

interferograms of a

laser-

induced P-wave in perspex interacting with a 0.8-mm cylindrical hole
at times t of (a) 1.0, (b) 1.4 and (c) 1.8 ~s. Horizontal bar _ 1.0
mm.
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FIGURE 4.11.

Schl ieren photographs

and

interferograms of a

laser-

induced P-wave in perspex interacting with a 1.2-mm cylindrical hole
at times

L

of (a) 1.0, (b) 1.4 and (c) 1.8

mm.
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IlS.

Horizontal bar _ 1.0

shadow because the Images of the test and compensating samples were
not perfectly superimposed in the field of view of the Mach-Zehnder
Instrument. This apparent ly poor arrangement was necessary in order
to obtain reasonably linear interference fringes around the holes by
matching the path lengths of the two Interferometer arms as closely
as possible In this area. The cylindrical holes themselves were made
by slowly drilling the pre-prepared blocks of perspex under running
water. Despite these precautions, however, the material in the close
vicinity of the hole was permanently affected by both sizes of drill
bit: with the smaller hole (figure 4.10), a

600-~m

region of perspex

was heated and thus radially stressed; with the larger hole (figure
4.11), a

300-~m

portion of perspex was removed around the end of the

obstacle, so causing a circular shadow effect.
In the case of the 0.8-mm hole, the left- and right-hand parts of
the diffracted P-wave interfere to produce a nearly plane P-wave in
the geometrical shadow beneath the hole. The characteristics of this
plane P-wave are very similar to those of the incident hemispherical
P-wave with a rise time of 70 ns and a wavelength of 1.0 mm. Since
the radius of curvature of the diffracted wave is much greater than
that of the incident wave, however,

it is attenuated more gradually

despite It being of lower initial amplitude.
In the case of the 1.2-mm hole, on the other hand, the two halves
of the diffracted P-wave do not quite overlap to give a plane wavefront

in the geometrical shadow. As a consequence, the ampl itude of

the disturbance beneath the hole is lower than that observed in the
previous instance and a larger proportion of the incident P-wave is
significantly attenuated. These observations are in accordance with
simple diffraction theory.
4.3. Acoustic-wave generation within transparent solids

4.3.1. Temporal behaviour of the acoustic wave
After using a fairly non-destruct ive method of creating acoust ic
waves at the surface of sol id materials in § 4.2, the next stage on
was to focus the Q-switched neodymium-laser beam into the bulk of a
transparent sol id, so forming a damage site inside the solid at the
focal point of the beam. As in the previous section, the solid used
In this experimental work was perspex,
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Its absorption coefficient a

being very low for wavelengths between 400 and 1100 run - a range of
wavelengths including both the dye and neodymium outputs. Moreover,
as previously, the samples of the polymer were prepared In the form
of blocks with dimensions of 25 x 25 x 19 mm with the two cast flat
faces being of the greatest area.
The energy Eo of the Nd:YAG-Iaser beam incident upon the top face
of the perpsex specimen was 4.6

±

0.2 mJ - the same as In § 4.2. Due

to a 4 'lI reflect ion at the alr-perpsex interface, however, this was
reduced to about 4.4 ± 0.2 mJ inside the material. The depth of the
laser focus beneath the surface was set at 5.0 mm - small enough to
neglect absorpt Ive effects - causing a si ight Increase in the focal
spot diameter from its value in air of 40 pm to 45 pm. Consequently,
the average Intensity I of the laser beam at the focal plane was 33
GW cm- 2

-

about three-quarters that used previously - and the laser

fluence F was 260 J cm- 2 • This value of F was well above the slngleshot damage threshold Fth of· the material under Q-switched, 1.06-pm
Irradiation (O'Connell et al. 1986) which lay at 86 J cm- 2 for PMMA
whose monomer had been passed through a 220-nm filter prior to polymerisation. For the normal unflltered monomer, in contrast, Fth - 29
J cm-> - an order of magnitude less than the value of F used In this
experimental work.
When focused Into a previously untouched region of the bulk solid,
the Q-swltched laser pulse formed two small cylindrical damage sites
along the optical axis of the beam with a vertical separation of 150
pm. The sizes of these two sites were roughly the same, their length
being 50 pm and their diameter being 30 pm - about two-thirds of the
estimated beam waist. A weak spherical compressional P-wave emanated
from each damage site with rise time roughly equal to the length of
the laser pulse and a total duration of only about 20 ns. Continuing
with further laser pulses at the same place caused a gradual growth
and linkage of the two damage sites and shot-to-shot changes in the
strength, profi fe and durat ion of the radiated longitudinal P-waves;
these effects are described in § 4.3.2.
The strongest spherical P-wave was generated after the fourth shot
of the laser at which stage the two initial damage sites had merged
together giving a single cylindrical region of opaque material with a
diameter of about 70 pm and a length of about 300 pm. lnterferograms
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of the P-wave emitted in this case are presented in figure 4.12, the
small dark areas being previously formed laser-damage sites.
image, the Initial

In each

interference fringes are not straight because of

the marginally unequal path lengths across the field of view in the
two perspex blocks. Despite this fact,

the fringes are sufficiently

linear to make measurements of longitudinal stress inside the solid.
Since the video system is only capable of taking a single picture of
each event, the sample block had been shifted horizontally by about
330 pm to the left between each successive interferogram, the damage
site from figure 4.12(a), for example, being shown in figure 4.12(f)
at a point 1.65 mm to the left of the new emission centre. This has
caused a very weak P-wave to be reflected back towards the right

in

all but the first picture of the series.
As clearly demonstrated in figure 4.12, two distinct spherical Pwaves have been simultaneously generated by the action of the fourth
focused laser pulse in the transparent polymer. The two P-waves are
separated by the same vertical distance as the two original damage
sites (150 pm) and comprise a single bipolar longitudinal transient.
Once again,

the P-waves propagate at

the

longitudinal-wave velocity

of perspex for all measured va I ues of t a I though the I r prec I se form
and relative strength varies somewhat

from site to site.

In figure

4.12(c), for Instance, the uppermost compressional pulse is greater
in ampl itude than the

lower whilst

the opposite is true for figure

4.12(d). As a consequence, the nature of the shot-to-shot breakdown
process depends crlt Ically on the propert les of the perspex in the
focal

region of the

lens,

the characteristics of the infrared beam

remaining constant with time.
Radial

longi tudinal stress profi les Pa(r) of the P-wave with rp '"

1.0, 2.0 and 3.0 mm as respectively determined from figures 4.12(b),
(d) and (f) are given in figure 4.13. With the smallest value of rp'

the stress associated with the compressional

leading pulse has been

underestimated due to the relatively large width of the fringes
comparison with the radius of curvature of the disturbance.
this error,

the normalised amplitude of the compressional

in

Despite
pulse

is

about 50 bar mm while that of the rarefactional pulse Is -39 bar mm,
both of which are simi lar values to those found at
interface in § 4.2.1. Furthermore,
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the alr-perspex

the rise time 1p of the
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FIGURE 4.12.

Interferograms of the fourth spherical

laser-Induced p_

wave In perspex at times t of (8) 0,2, (b) 0,4, (c) 0.6, (d) 0,8, (e)
1.0 and (f) 1,2 ~s. Horizontal bar - 1,0 mm,
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FIGURE 4.13. Radial stress profiles ps(r) of the fourth laser-induced
P-wave in perspex at times t of 0.4
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re],

0.8

r-)

and 1.2 I's [.).

edge of the P-wave is around 60 ns which presumably gives a measure
of the tlmescale on which the damage site was formed. Finally, the
energy

~Ea

Pa(r) ,

Is about 4 pJ - about a thousandth of the Incident

of the transient, as calculated using equation 5.17 from
infrared

energy Eo and roughly equal to that of the hemispherical bipolar Pwave at the air-perspex Interface (§ 4.2.1).
4.3.2. Variation in acoustic-wave profile from shot to shot

As mentioned briefly above,

If successive Q-switched laser pulses

were focused into the transparent polymeric solid, then the region of
damage in the focal region increased In extent from shot to shot. In
addition, the amplitude and duration of the emitted acoustic P-waves
varied as a result of the different physical properties of the opaque
damaged material. Figure 4.14 shows a short series of Interferograms
of a developing damage site in perspex with

t

-

600 ns after between

two and twelve laser shots. The experimental arrangement is identical
to that of the previous section with a laser energy Eo of 4.6 mJ and
a focal depth of 5.0 mm.
As a result of the first shot Inside the solid, two distinct sites
of damage were formed along the optical axis of the laser beam. This
double-breakdown effect arose from spherical and other aberrations In
the focusing lenses which caused fluctuations In intensity along the
axis. The second laser shot (figure 4.14(a»

caused a small increase

In size of the two sites and a significant Increase in the duratlons
of the two spherical P-waves to about 35 ns. The vertical separation
of the elastic transients in this Instance was approximately equal to
that of the original damage sites -

i.e. about 120 pm. After another

couple of shots (b), when the two Initial sites had combined Into a
Single globular region of damaged polymer with a diameter of 120 pm,
the strength and durat ion of the upper P-wave were slmi lar to those
after two shots. The durat Ion of the lower P-wave,

In contrast, had

fallen to about the length of the incident laser pulse - presumably
because of plasma shielding. Moreover, the spatial separation of the
two waves - and hence the two emission centres - was only 80 pm due
to changes In the absorption properties of the target material.
Between the fourth and sixth laser shots, the length of the damage
site along the optical axis doubled to circa 250 pm while its width
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FIGURE 4.14. Interferograms of the (a) second, (b) fourth, (c) sixth,

(d) eighth, (e) tenth and (f) twelfth laser-induced P-wave in perspex
at a time

t

of 0.6

~s.

Horizontal bar - 1.0 mm.
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remained nearly constant (c). The amplitude and durat Ion of both Pwaves from the sixth shot were similar to those of the bottom P-wave
from the fourth shot. Indeed, the two transients each had a duration
of about 8 ns and their separation In space was 80 pm. In the course
of the following laser shots (d,e,f), the amplitudes of the emitted
P-waves varied somewhat but their durations remained at around 8 ns.
Furthermore, the size of the damaged region of perspex did not rise
appreciably after the sixth Q-swltched pulse when the dimensions of
the laser-produced plasma had presumably reached a maximum value.
4.4. Acoustic-wave generation at liquid-solid boundaries
4.4.1. Propagation

of acoustic waves near a plane surface

The final piece of experimental work in this chapter was concerned
mainly with the formation of ultrasonic acoustic waves in liquids and
solids and at their common boundaries using focused laser "light". A
range of transparent and opaque solid materials was considered, each
of which was Immersed in de-ionised water with a depth of up to about
a millimetre. Neodymium-laser pulses with an energy Eo of 4.6 mJ were
focused through the liquid onto the surfaces giving a power density I
of 29 GW cm- 2 for a beam waist of 50 pm. As described in chapter five
for cavitation bubbles, this produced a plasma within the water near
the focal region, so yielding a small volume of hot expanding vapour.
In addition to a longitudinal wave in the water, the outwards motion
of the walls of the vapour cavity could create both longitudinal (P-)
shear (S-) modes in the bulk of the solids and guided surface waves
at the liquid-solid interfaces (Ward & Emmony 1990).
Figure 4.15 shows a short sequence of images of the acoustic waves
generated by the action of the focused laser beam on a water-perspex
boundary. As previously, the transparent polymer was prepared from a
19-mm cast sheet of perspex which was cut into cuboidal blocks with
sides of length 25 mm. The specimen block was then placed in a cubic
glass cuvette with sides of 35 mm which was subsequentlY filled with
water and placed in the test arm of the Mach-Zehnder interferometer.
A matching water-perspex sample was also placed in the reference arm
of the instrument such that the images of the test and compensating
specimens were closely superimposed across the field of view. As a
consequence, the interface between the two materials is shown in the
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FIGURE

4.15.

Shadowgraphs

and

interferograms

of

~\

laser-induced

acoustic waves near a water-perspex boundary at times t of (a) 0.9,
(b) 1.2 and (c) 1.5 ~s. Horizontal bar -
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1.0 mm.

Interfcrogroms of figure 4.15 us

0

single dark horizontal band, lhe

top edge of which represents the top and bottom limits of the solid
and fluid, respectively. The dark globular area above the centre of
the boundary is a developing vapour bubble; the object just beneath
the boundary Is a previously formed damage site.
As evident from the shadowgraphlc and Interferometric pictures of
figure 4.15, acoustic transients were simultaneously created In both
transparent media by the laser-Induced vapour cavity. In the bulk of
the solid, the disturbance took the form of an essentially monopolar
hemispherical elastic P-wave traveIIlng at the sound speed

0<

of the

material. Similarly, In the bulk of the liquid, the main disturbance
was a hemispherical compressional wave travelling at the sound speed
Cw

of water. On closer Inspection, however, this transient was found

to comprise two near-hemispherical components - the lower one having
been reflected from the Interface - due to the emission centre being
positioned slightly above the water-perspex boundary. Several waves
were also reflected back Into the water from the hole on the surface
to the left of the vapour cavity, being shown particularly well for
smaller values of

t

(e.g. figure 4.15(a». The ratio of the radii of

curvature of the main longitudinal water wave and the P-wave in the
perspex was cw/o< - 1460/2500

= 0.58.

Figure 4.16 shows four radial stress profiles Pa(r) of the P-wave
In the bulk of the solid as calculated from the three Interferograms
of figure 4.15 and one other. The most central dark fringe was used
In each case, so giving a measure of the stress directly beneath the
emission centre of the disturbance. The P-wave was made up of primary
and secondary compressional pulses, the latter of which had probably
been scattered from the region of damaged material on the Interface.
In contrast with the P-waves generated at an alr-perspex surface and
within the bulk polymer, no rarefactional components were present In
this case, the stress remaining above Its ambient value at all times.
Moreover, the normalised amplitude pprp and rise time Tp of the wave
were greater than those obtained In the other sections of work with
values of 69 bar mm and 40 ns, respectively. Finally, the ultrasonic
frequency f of the disturbance in the solid material was about 7 MHz
which corresponded to a wavelength A of 350 pm while Its energy 4Ea
was about 5 pJ - at least three times that of the P-wave produced at
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FIGURE 4.16. ·Radial stress profiles Pa(r) of the P-wavc In perspex
near a water-perspex boundary at times t of 0.6 [e]. 0.9 [DJ. 1.2 [AJ
and 1.5 I1S [OJ.
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FI GURE 4. 17 . Radial pressure profiles Pa(r) of the longitudinal wave
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the alr-perpsex interface.
Figure 4.17 shows three radial pressure profiles Pa(r) of the main
hemispherical longitudinal wave In the liquid above the vapour cavity
as derived from the interferogram of figure 4.15(c) and others. From
these results, in which the effects of all other changes In pressure
were neglected,

It is clear that longitudinal water wave was wholly

compressional In nature with a rise time Tp similar to that of the Pwave In perspex. The normalised amplitude pprp of the water wave, on
the other hand, was far greater than that of the P-wave, as might be
expected, with a value of 94 bar mm. Furthermore, the frequency f of
the water wave was In good agreement with the value measured for the
P-wave since Its notional wavelength A was around 200

~m.

In addition to the direct and refracted hemispherical longitudinal
acoustic waves in the liquid and solid media, also visible In figure
4.15 are two other modes of vibration, both of which arose from the
effect of the water-perspex Interface. The first of these, a conical
"head wave", appears in the shadowgraphs of figure 4.15 as a pair of
straight lines joining the surface-skimming portion of the P-wave in
the perspex to a tangent to the main reflected longitudinal wave in
the water. The second mode, a Rayleigh-type surface wave, Is clearly
shown in the Interferograms just Inside the hemispherical water wave
on either side of the liquid-solid boundary.
The so-called "head wave" was generated by that part of the P-wave
which caused a horizontal motion of the particles of perspex at the
liquid-solid Interface (e.g. Ewlng et al. 1957, Lewls 1985). Because
the velocity of propagation a of the P-wave beneath the boundary was
greater than the sound speed

Cw

of the adjacent liquid, the radially

expanding wave front was analogous to a supersonic projectile causing
a sonic boom In air. The hemltoroldal wavelets radiated out Into the
liquid from the circular surface-skimming portion of the P-wave were
superposed to form a conical wave front whose Mach angle was given by
8 - arcsin(cw/a) = 35'. Since the source of waves lay slightly above
the water-perspex boundary, the hemispherical P-wave was only formed
when the Initially downwards propagating water wave became Incident
upon the Interface. As a consequence, the head wave linked with the
lower reflected hemispherical water wave rather than the upper water
wave. The profile of the head wave was, as expected, similar to that
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of the P-wave with a single main compressional pulse whose amplitude
Increased with Increasing distance from the Interface. The variation
In pressure change along the conical head wave arose partly from the
geometrical l/r attenuation of the spherical P-wave In the solid and
partly from the generation of the head wave Itself which reduced the
energy of the P-wave by "leakage" into the liquid.
The surface acoustic wave at the liquid-solid boundary Is shown In
figures 4.15(a),

(b)

and (c) at radii rp of 0.90,1.19 and 1.48 mm,

respect Ively. From the Interferograms, It Is clear that the wave had
dilatational components In both media which extended around 800 pm on
either side of the boundary. Furthermore, the amplitude of the wave
decreased rapidly -

indeed no doubt exponent lally -

with Increasing

distance from the Interface In the liquid and solid materials. These
propert les are characterist Ic of so-called Stoneley waves which are
generalised surface acoustic waves of the Rayleigh type as outlined
In § 4.2.1. The idea of Stoneley waves was first

Introduced In the

field of seismology where guided surface waves were found to travel
at the boundaries between rock strata,

for instance. The phenomenon

was then extended to the less complex case of liquid-solid surfaces
where the energy of the wave was mainly localised within the liquid
medium (Auld 1985, Hudson 1980).

As for normal

Rayleigh waves,

the

part of the Stoneley wave in the solid medium comprises two modes one

longitudinal and one transverse -

whi le the part

In the liquid

medium Is made up of a single longitudinal mode. Since the Stoneley
wave does not

radiate energy Into the

sk I mml ng P-wave,

for examp le,

It

liquid,

unlike

the surface-

I s a t rue gu I ded sur face wave and

therefore only suffers geometrical and absorptive attenuation.
From figure 4.15,

It may be deduced that the surface wave produced

using the neodymium laser was, as expected, cylindrical In shape with
Its central axis perpendicular to the Interface and passing through
the vapour cavity. As a consequence, the interferometric images show
the total change in longitudinal stress at any point In the solid due
to the P-wave and the surface acoustic wave.

Similarly,

the fringe

shifts above the boundary arise from pressure changes In the conical
head wave, the spherical water wave and the cylindrical surface wave.
Due to the lack of spherical or cylindrical symmetry In this example,
It was thus very difficult to determine the profiles of the surface
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acoustic wave In either material. As determined directly from figure
4.15, however, the speed of propagation of the surface wave was 970
ms-' in very good agreement with the Rayleigh-wave velocity c r given
In table 4.2.
From the theory of surface acoustic waves (Hudson 1980), the speed
of a Stoneley wave at a water-perspex Interface should be 730 ms-' much less than the value measured from figure 4.15 and distinct from
the Rayleigh wave velocity cr. Consequent ly, the wave observed here
Is not a true Stoneley wave,

In spite of its similar properties.

In

actual fact, It must be a modified Rayleigh wave since It propagates
with a velocity close to cr. Assuming the ultrasonic frequency f of
the surface wave to be the same as that of the P-wave in the solid,
then its wavelength A would be about 140 /Lm -

less than a fifth of

Its total depth of penetration Into the two media and roughly equal
to the dimensions measured directly from the interferograms.
In summary, therefore, at least three types of acoustic wave were
generated by the action of the focused,

Q-swltched neodymium-laser

beam at the water-perspex boundary: (I) a hemispherical longitudinal
water wave, (11) a circular Rayleigh-type surface wave, and (Iil) a
hemispherical P-wave In the perspex. In addition, the part of the Pwave In the vicinity of the boundary caused a conical longitudinal
head wave to be radiated Into the liquid medium. Distortional waves
may also have been simultaneously generated In the sol id medium but
the diagnostic methods employed here were

Incapable of visual islng

them.
The next study of acoustic-wave generation at water-solid surfaces
Involved the use of opaque metallic solid materials in place of the
transparent polymer. Although the elastic waves inside the metallic
solids could not be direct ly imaged in this case,

informat ion about

the various disturbances could be gleaned from the head and surface
waves visible In the transparent liquid. Rectangular blocks of ml Id
steel and brass with dimensions of 25 x 25 x 15 mm were substituted
for the perspex blocks of the previous work and studied in a similar
manner. Once again, the energy

Eo

of the Q-swltched laser pulse was

4.6 mJ giving an estimated power density I of about 3 x 10'0 W cm- 2

-

at least an order of magnitude greater than the threshold value for
thermal conductivity to be neglected (table 4.1).
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Presented in figure 4.18 is a short sequence of shadowgraphs and
Interferograms of the acoust Ic water waves generated when the laser
beam was focused onto a water-steel

Interface.

In these images,

the

opaque solid and the vapour cavity are shown near the bottom of the
field of view as shadow effects. The most noticeable feature of the
pictures is a hemispherical water wave which consisted of a single
main compressional pulse with a normalised amplitude pprp of 56 bar
mm -

less than two-thirds

boundary -

the value obtained at

the water-perspex

and which propagated with a velocity c", '" 1460 ms-'.

In

addition, however, two conical head waves were visible In the water one from the hemispherical P-wave In the metal and one from a leaky
Rayleigh wave. The Mach angle 0 of the first head wave was about 15'
corresponding to a P-wave velocity of 5500 ms-';

that of the second

was 32' giving a Rayleigh-wave velocity of 2800 ms -'. These values
concur reasonably well with the previously-measured values of table

4.2.
As Immediately evident from the Interferograms of figure 4.18, the
amplitude and duration of the second head wave are much greater than
those of the first. Moreover, whereas the first wave is monopolar In
shape, the second Is distinctly bipolar with both compressional and
rarefactional components. The large difference In relative amplitude
between the two head waves may be explained on two accounts:
greater geometrical attenuation suffered by the P-wave
the Rayleigh wave

(~

(~

(a) the

l/r) than

1//?) and (b) the dilatational nature of the P-

wave when compared to the combined di latat lonal-dlstortlonal nature
of the Rayleigh wave. Because of geometrical attenuation, the change
In pressure along the conical wavefront at any particlar time falls
off as the horizontal distance from the axis of symmetry increases.
As a consequence, the rate of decrease of amplitude along the first
head wave Is greater than that along the second.

In addlt Ion, since

the mot Ion of the part ic1es in the surface-skimming part of the Pwave Is horizontal, while that of the particles in the surface wave
Is both horizontal and vert ical,

the mot Ion of the adjacent

will be much greater for the Rayleigh wave. Moreover,

liquid

the monopolar

profile of the first head wave arises direct ly from that of the Pwave in the metallic solid;

the bipolar profile of the second head

wave may be attributed to the upwards and downwards motion of the
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FIGURE 4.18.

Shadowgraphs and Interferograms of laser-induced waves

in water near a water-steel boundary at times t of (8) 0.9,
and (c) 1.5 ps. Horizontal bar - 1.0 mm.
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(b)

1.2

FIGURE 4.19.

Shadowgraphs and interferograms of laser-induced waves

in water near a water-brass boundary at times t of (a) 1.0,
and (c) 2.0 ~s. Horizontal bar - 1.0 mm.
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(b)

1.5

particles In the leaky Rayleigh wave.
Figure 4.19 shows a similar set of pictures of the acoustic waves
generated by the Nd:YAG laser at a water-brass boundary. The system
of waves Is similar to that for a water-steel boundary with the main
exception that the P- and Rayleigh-wave velocities in the solid are
somewhat lower. The Mach angles 0 for the two conical head waves are
21" and 51" corresponding to

Cl -

4060 ms -, and c r - 1870 ms -', both

values being roughly equal to the speeds given In table 4.2.
The final solid material studied In this section of work was crown
glass In the form of a 1.0-mm-thlck microscope slide. The slide was
held In the water-filled cuvette on a U-shaped aluminium support and
Irradiated with the same laser energy Eo and intensi ty [ as before.
Figure 4.20 shows three pairs of pictures of the resulting acoustlcwave system In the water around the glass slide, the vert Ical edges
of the specimen being translucent to the·dye-laser light. As well as
the main hemispherical wave directly above the vapour cavity, a wide
range of head waves was generated on either side of the glass slide
due to a combination of effects Inside the solid material. These are
Illustrated schematlcally in figure 4.21, the source of longitudinal
water waves in this case being positioned slightly above a typical
solid material.
The first head wave above the glass slide is due to the P-wave In
the solid. Yet again, It Is monopolar In profile with a Mach angle 0
of 16" which yields

Cl

~

5240 ms-'. Similarly, the first head wave In

the liquid beneath the slide arises from the transmitted P-wave and,
as expected, also comprises a single compressional pUlse. Whereas the
upper head wave Is truly conical, Its emission centre being In close
contact with the upper edge of the specimen, however, the lower head
wave Is Slightly curved in the plane of the Image. As shown in figure
4.21 by the dotted line, in addition to the primary head waves, other
head waves may be generated in the liquid as the P-wave In the solid
Is reflected back and forth between the upper and lower edges. These
"reflected" head waves may readily be Ident !fied in the shadowgraphs
of figure 4.20 since they all exhibit roughly the same gradient with
respect to the boundaries. Moreover, whereas all the head waves from
the upper surface except the first have suffered a phase change of r,
having been reflected an odd number of times at a boundary of lower
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FIGURE 4.20. Shadowgraphs and interferograms of laser-induced waves
in water near a glass microscope slIde at tImes t of (a) 1.0, (b) 1.4
and (c) 1.8 ps. Horizontal bar - 1.0 mm.
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FIGURE 4.21. Schematic diagram of the acoustic waves near a watersolid boundary produced by a point source of compressional waves in
the water when Cl > (3 > c r > c"'.
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acoustic Impedance, the head waves from the lower surface all retain
their original polarity. The spatial separation of successive P-waveproduced head waves directly above and below the emission centre are
550

~m

giving a round-trip time of 380 ns for the reflected P-waves.

The P-wave velocity a calculated from this time and the thickness of
the specimen agrees well with the value obtained above from the Mach
angle O.
The second main head wave above the glass microscope slide arises
from the leaky Rayleigh (R-) wave at the upper liquid-solid boundary.
Because of the large number of different acoust ic waves in ·this area
of figure 4.20, however, it is not possible to determine whether the
wave is monopolar or bipolar. In spite of this, the Mach angle 0 may
be measured to be 29' which yields

C

r - 3030 ms -'. Since the R-wave

is confined to the interface between the two media, it is, of course,
Incapable of forming "reflected" head waves I ike those from the bulk
P-wave.
The third and final set of head waves, which appear clearly in the
water beneath the glass slide in the shadowgraphs of figure 4.20, are
probably due to the generation of an S-wave in the bulk of the solid.
Since the notional S-wave does not generate a head wave at all at the
upper boundary nor directly beneath the cavity at the lower boundary
- unlike that In figure 4.21 -

it presumably exhibits a directivity

similar to that observed in metals by other workers using mechanical
transducers (figure 4.I(b». The resulting head waves, although not
perfectly conical in shape, have an asymptotic Mach angle 0 of about
22' which implies a distortional-wave velocity

Cs

to the overlapping acoustic wavefronts, however,

of 3910 ms-'. Due
it is not possible

to determine a great deal more informat ion on the nature of the

s-

and head waves apart from their roughly similar duration to all the
other disturbances.

4.4.2. Propagation of acoustic waves around a corner
After having obtained an understanding of acoustic-wave generation
at plane liquid-solid boundaries, a study of the interactions of the
various ultrasonic modes with right-angled corners was performed. In
this work, the experimental arrangement was identical to that of the
previous section with the exception that the cuvettes of liquid were
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positioned slightly differently with respect to the illuminating dyelaser beam.
The first liquid-solid combination considered here was the waterperspex boundary seen previously in figure 4.15. In order to clearly
visualise the waves, a schlieren arrangement was used together with
the Mach-Zehnder interferometer; a series of typical pictures of the
event with

t

<

6.0

~s

are presented in figure 4.22. Due to stresses

near the corners of the test and compensating blocks - shown in the
bottom left-hand corner of figure 4.22 -

it was not possible to set

the fringes at the same angle or separation in both media.

In spite

of this problem, various dilatational waves may be distinguished in
the two transparent materials close to the corner: hemispherical Pand longitudinal waves in the perspex and water,

respectively, and

Rayleigh and head waves near their common interface.
As the monopolar compressional P-wave propagates outwards through
the solid (figure 4.22(a»,

its surface-skimming portion gives out

energy into the adjacent liquid in the form of a conical head wave.
After reaching the corner (b,c), the P-wave next interacts with the
vertical water-perspex boundary,

so producing another compressional

head wave along this interface. Since the vertical component of the
P-wave velocity is no longer constant, however, the leading edge of
the new head wave is not perfectly conical. The portion of the head
wave produced near the corner, having a smaller radius of curvature,
is geometrically attenuated most quickly as it travels outwards (d).
Moreover, the near-plane head wave produced at the vertical surface
is much stronger than that produced at the horizontal surface. This
indicates either that the P-wave is not strongly directed along the
horizontal boundary or that the mechanism of head-wave formation is
more efficient at the vertical boundary.
As the hemispherical water wave approaches the right-angled corner
(e),

it begins to diffract into the region of liquid below the level

of the upper water-perspex boundary. In addition, a second head wave
from the interaction of the P-wave with the corner begins to appear.
This bipolar pseudo-conical head wave is extremely weak and probably
arises from an S-wave in the solid which was created when the P-wave
was partially mode-converted at the corner. As the water wave passes
the corner (f,g), a P-wave is generated in the solid which, in turn,
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FIGURE 4.22.

Schl ieren photographs and

interferograms of a

laser-

Induced set of waves around a water-perspex right-angled corner at
times t of (a) 0.9, (b) 1.5 and (c) 1.8 ps. Horizontal bar - 1.0 mm.
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FICURE 4.22.

Schl ieren photographs and

interferograms

of a

laser-

induced set of waves around a water-perspex right-angled corner at
times t of (d) 2.1, (e) 2.7 and (f) 3.0 ~s.
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FiGURE 4.22.

Schl ieren photographs and

interferograms of a

laser-

induced set of waves around a water-perspex right-angled corner at
times t of (g) 3.3, (h) 3.6 and (i) 3.9 ps.
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FIGURE 4.22.

SchI ieren photographs and

interferograms of a

laser-

Induced set of waves around a water-perspex right-angled corner at
times t of (J) 4.2, (k) 5.1 and (I) 6.0 ps.
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produces a strong rarefactional head wave at the vertical boundary.
Indeed, this head wave Is the strongest "diffracted" transient from
the hemispherical water wave;

the directly diffracted compressional

water wave Is very weak and Is more rapidly attenuated.
The third and final ultrasonic disturbance to reach the corner is
the Rayleigh-type guided surface wave (h, i),

the majority of whose

energy Is converted to a monopolar compressional water wave (j,k,/).
This ellipsoidal water wave propagates away from the corner of the
block Into the region of liquid beneath the level of the horizontal
boundary. In addition, part of the Rayleigh wave travels around the
corner and down the vert Ical surface while part travels back along
the horizontal surface. Whereas the "transmitted" guided wave does
not suffer any appreciable phase change,

the dllatat lonal part

(at

least) of the reflected wave undergoes a phase change of r as might
be expected.
The second liquid-solid right-angled corner used In this work was
that between water and aluminium. Although this combination of media
had not previously been considered, the sltuat ion was close to that
observed at a water-steel boundary in figure 4.18. Shadowgraphs and
Interferograms of the behaviour of the various acoustic waves at the
water-aluminium corner are presented In figure 4.23, the solid block
being shown In the bottom left-hand quadrant of each picture.
When the hemispherical P-wave reaches the corner (figure 4.23(a»,
part Is presumably reflected back from the vert Ical

interface whl le

part Is converted to a monopolar head wave In the water. In addition,
the Incidence of the P-wave on the corner produces an S-wave in the
solid which proagates away from Its emission centre, so creating a
second monopolar head wave along the vertical boundary. The largestamplitude head wave at the horizontal surface in this case Is due to
the leaky Rayleigh wave; when this bipolar conical wave reaches the
corner (b), part continues around It and down the vertical face, so
yielding a very weak head wave In the nearby water. The slowest wave
at

the water-aluminium boundary Is the hemispherical water wave, a

significant part of which is diffracted directly around the corner
(c). Nonetheless, a small proport Ion is converted to another P-wave
In the solid which Itself produces a very weak head wave along the
vertical boundary.
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Shadowgraphs and interferograms of a
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laser-induced set

of waves around a water-aluminium right-angled corner at
(a) 1.0, (b) 2.0 and (c) 3.0 ps. Horizontal bar - 1.0 mm.

143

>

times t

of

4.4.3. Propagation of acoustic waves near a curved surface

The final piece of experimental work in this chapter was concerned
with the laser-generation of acoustic waves at hemlcyllndrlcal wateraluminium boundaries. The metallic sample used In this case took the
form of a 10- x 15- x 20-mm rectangular block Into the intermediate
edge of which a hemlcylindrical hole with a radius of 3.0 mm was cut.
This sample provided the means by which opto-acoustlc generation was
performed at a convex liquid-solid interface. The converse situation
of a concave Interface was studied by machining acyl indrlcal block
of aluminium with a radius of 3.0 mm and a length of 10 mm which was
then placed Inside the hemlcyllndrlcal hole.
Figure 4.24 shows a sequence of shadowgraphs and Interferograms of
the longitudinal acoustic waves produced In the water when the laser
beam was focused onto the concave cylindrical water-metal boundary.
As for the planar boundary, one direct "hemispherical" wave and two
"conical" head waves were generated in the liquid, the latter having
arisen from the P-wave In the aluminium and the guided surface wave
at the Interface. Due to the shape of the Interface In this example,
however, the form of the wavefronts had been somewhat modified. The
direct water wave, although hemispherical In Its upper part, shows a
smaller radius of curvature below the level of Its emission centre,
having been diffracted Into the geometrical shadow of the interface.
The head waves, on the other hand, exhibit an ellipsoidal form with
polarltles similar to those observed previously. The short-duration
rarefactional wave shown in figure 4.24(c) presumably occurred as a
resul t of a reflect Ion of the P-wave from the lower surface of the
cylindrical metallic block.
Presented In figure 4.25 Is a series of schlleren photographs and
Interferograms of the acoustic waves formed close to a convex wateraluminium boundary. In this case, the head wave from the bulk P-wave
was very weak because the surface-skimming portion had to move Into
the geometrical shadow behind the curved surface. Since the Rayleigh
wave was confined to the surface region, however,

its head wave was

of a relatively large amplitude before coming Into contact with the
corner. The most Interest Ing feature of the wave system was a large
,
build-up In pressure at the point of contact of the "hemispherical"
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FIGURE 4.24.

Shadowgraphs and interferograms of a

laser-induced set

of waves near a concave water-aluminium boundary at

0.9, (b) 1.8 and (c) 2.7 ~s. Horizontal bar - 1.0 mm.
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FIGURE 4.25.

SchI ieren photographs and

interferograms of a

laser-

induced set of waves near a convex water-aluminium boundary at times
t

of (a) 1.5, (b) 2.0 and (c) 2.5 ~s. Horizontal bar -
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FIGURE 4.25.

Schl ieren photographs and

interferograms of a

laser-

induced set of waves near a convex water-aluminium boundary at times
t of (d) 3.0, (e) 3.5 and (f) 4.0 ps.
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water wave with the cylindrical interface.. This region of compressed
liquid, which extended around 200 and 700 pm parallel and normal to
the boundary at t - 2.5 ps, respectively, arose from the continuous
reflect ion of the direct water wave at the cyl indrical interface. In.
effect, this was a geometrical amplification of the amplitude of the
water wave in the vicinity if the curved surface. After reaching the
corner (figure 4.25(d», the local ised water wave was launched into
the nearby body of I iquid as a roughly cyl indrical wave·front at the
speed of sound of water.
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5. LASER-INDUCED CAVITATION BUBBLES IN LIQUIDS

5.1. Introduction
5.1.1. Methods of cavitation-bubble generation

The well-known term "cavitation", which has now been in frequent
use for almost a century, describes the wide subject of the creation
and development of vapour and gas bubbles within a liquid. The word
was first Introduced Into scientific literature In 1895 by Barnaby &
Thornycroft,

who were conduct Ing experiments

into the unexpectedly

poor performance of a newly-bUilt turbine ship, the Turbinia. In this
work, the authors attributed the low efficiency of the driving system
of the vessel to the format ion of clouds of vapour "cavit ies" on the

revolving propeller blades when the tensile pressure

in the nearby

liquid exceeded a value of "61 pounds per square inch" or around 500
mbar. By increasing the total number of propellers on the ship and
widening each 'propeller blade, the authors were able to reduce the
average

tensile

pressure

below

this

threshold

value

causing

a

corresponding increase in driving efficiency and maximum speed.
As first pointed out by Lauterborn (1980), there are two different
types of technique which may be used to generate cavitation bubbles
in a liquid, (a) tension and (b) local deposition of energy.

In the

first of these, the liqUid is literally torn apart by the action of
an external acoustic or hydraulic force;

in the second, a portion of

liqUid Is rapidly heated and ruptured by photons or other elementary
particles. Although in the wider study of cavitation we are generallY
most Interested in the behaviour of bubbles formed via the first type
of method (e.g. by the motion of a solid macroscopic body through a
liquid). it is extremely difficult to make quantitative measurements
on single cavities generated in this way. On the other hand,

using

the second type of method we may precisely define the spatial

and

temporal characteristics of a bubble In a laboratory situation. As a
result,

it is convenient to simulate "real" hydraulically-generated

cavitation bubbles with those formed by the well-defined action of a
focused coherent' light beam, for example. This widely-used technique
is now called optical cavitation.
When the pulsed radiation from a Q-switched laser is focused into a
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large expanse of transparent
around the focal point
exceeds

a

absorbed

certain
by

liquid,

if the peak optical power density of the beam

threshold.

solid

dielectric breakdown may occur

This

being

the

case,

radiation

is

Impurities
giving

rise

to

an

opaque

short-

durat ion plasma, or "spark", which rapidly absorbs further radlat ion
and extends
adjacent

it se I f

towards

the

I aser

source.

As

It

does

I iquld is quickly heated and vaporised forming a

so,

the

local ised

body of high-temperature vapour. Since the pressure of this enclosed
vapour Is much higher than the ambient

pressure of the surrounding

liquid, the walls of the resul t Ing bubble 1nl t lally move outwards at
velocities greater than the sound speed of the liquid giving rise to
a high-frequency spherical acoust Ic wave which propagates away from
Its point of emission.
As

the cavl tat Ion bubble expands

vapour

condenses

across

the

bubble

further,
walls

some of the

leaving

a

enclosed

progressively

smaller quantity behind to occupy a much larger volume of space. This
effect continues until the pressure of the bubble contents is reduced
to

the

saturated

vapour

pressure

(s.v.p.)

of

the

host

liquid

whereupon evaporation of liquid in the opposite direction maintains
It at

this constant value.

less than the ambient

Since the s.v.p.

pressure,

however,

of the

liquid is much

the kinet Ic energy of the

expanding vapour and the nearby outwardly moving liquid is gradually
reduced to zero by the action of the more remote stationary liquid.
At

this

reversed

point,
and

the
the

directions
now-spherical

of mot Ion of
bubble

the

begins

bubble walls
to

contract,

are
the

pressure of its contents remaining initially constant at the s.v.p.
of the liquid due to further condensat ion of vapour at

the

I iquid-

vapour boundary.
During the following collapse phase of the cavitation bubble, there
eventually comes a point at which the rate of condensation of vapour
can no longer keep up with the Increasingly-rapid reduction In volume
of the bubble and the pressure rises first above the s.v.p. and then
above the ambient pressure of the undisturbed liquid. As the bubble
contracts further,

a region of high pressure develops in the

liquid

around the cavity while the pressure and temperature of the enclosed
vapour both Increase violently. This causes another fast reversal
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in

the direction of motion of the bubble walls, a second rapid expansion
of the cavitation bubble
compressional
"bubble pulse

acoustic

and the

wave

emission of a

which

Is

sometimes

second spherical
called

the

first

ll
•

Due to a reduction in potential energy of the enclosed vapour by
various mechanisms including acoustic radiation during the previous
collapse phase, the bubble only expands to a fraction of its original
maximum size before beginning to contract once more. As a result, the
bubble undergoes a second similar but less-energetic cycle of growth
and contract ion often called the first bubble "rebound". This process
of damped radial oscillation of the cavity walls is repeated through
subsequent rebound cycles until any remaining potential energy of the
enclosed vapour Is removed and a final stable condition is attained.
In cases where the cavi tat ion bubble is ini t ially created near a
rigid boundary, as most "real" hydraulically-generated bubbles tend
to be, the radial oscillations are significantly modified from their
previously-described spherically-symmetrlcal form.

I f the separat ion

of the newly-produced bubble and the boundary is greater than the
subsequent maximum radius of the bubble, for example, then the cavity
retains its spherical symmetry during the first expansion phase, but
then loses it in the latter part of the following contraction. As the
bubble draws near its first minimum size, the region of compressed
I iquid associated wl th the inwards mot Ion of the surrounding liquid
is no longer centred on the cavity itself - it Is rather concentrated
upon a point adjacent to the bubble wall most remote from the rigid
surface. This causes a high-speed jet of liquid to be directed away·
from the pressure "hump" and through the opposite side of the bubble
towards the boundary, creating a toroid-shaped cavity which quickly
re-expands with the emission of a second acoustic wave.
During the following highly-asymmetrical

growth phase,

which

is

characterised by the gradual formation of a large protrusion on the
pierced bubble wall due to the action of the liquid jet, the cavity
begins

to

migrate

towards

short-I ived pressure

hump.

the

boundary as

Around

the

achieves a second maximum size, however,

point

a

consequence
at

which

the

of

the

cavity

this protrusion, or "arm",

decays into microbubbles while the major part of the cavity continues
to dri ft

towards

the sol id

interface.
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Depending upon the

ini t ial

conflgurat Ion of

the

system,

the

remaining

bubble

then

collapses

either close to or directly upon the rigid boundary giving rise to
the emission of a
re-expands -

further

weak acoustic wave.

often for a final

time -

As

it

subsequentlY

it breaks up into a cloud of

microbubbles which are dispersed throughout the surrounding volume of
liquid.
The well-known phenomenon of cavitation erosion, which often occurs
at a solid surface when bubbles are formed In its close vicinity,

is

thought to arise from the joint action of the high-speed liquid jet
and compressional acoustic waves which are both formed as a result of
asymmetrical cavitation-bubble oscillation. The damage normally takes
the form of a fine pitting of the surface under investigation, each
tiny hole corresponding to the erosive action of a single collapsing
cavity. Although the causes of damage have already been Identified,
however,

the actual mechanisms by which the pitting occurs have yet

to be fully understood.

In order to develop materials resistant

to

cavitation erosion, it Is therefore prudent to obtain a more complete
knowledge of the processes occurring during the radial oscillations
of singularly-produced vapour bubbles with respect to solid surfaces
of all kinds.
When cavitation bubbles are generated close to a free or flexible
boundary (e.g. a water-air Interface), their radial oscillations also
depart

from a spherlcally-symmetrlcal

form

In a manner slmi lar

that described for bubbles near a solid surface.
however,

In this

to

Instance,

the cavity migrates away from the flexible boundary due to

the action of the high-speed liquid jet which travels in the same
direction.
"spike",

Furthermore,

for

certain

configurations

a

plume,

or

of I iquld may also be directed in the opposite direct ion

producing a

large distort Ion

In the shape of the

Interface. As a consequence of these properties,

originally-plane

it may be possible

to protect solid surfaces against cavitation erosion by covering them
with a

layer of gaseous or vaporous material

in the form of stable

bubbles. These would then "repel" the jets of I Iquid formed by the
more remote asymmetrically-collapsing cavities.
In

the

experimental

work described

In

this

chapter,

the

near-

Infrared Q-swltched radiation from the commercial Nd:YAC laser of §
2.2 Is focused into water giving rise to vapour bubbles with maximum
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radii RM, of about

1 nun for an Incident radiant energy of 4.6 mJ.

Depending upon the initial position of the bubbles with respect
the free and rigid boundaries which enclose the host
bubbles undergo two or more

radial

osci Ilat ions on a

about half a millisecond of which the first
For heavily-damped osclllat ions,

liquid,

to

these

t imescale of

cycle occupies 200 p.s.

which generally occur for

bubbles

generated In a large expanse of liquid, the rebound radius RM2

is a

small proportion of the Initial maximum radius RM,; for more lightlydamped oscillations, which occur for bubbles formed near boundaries,

RM2 is a much larger fraction of RM,. Plots of the notional radii of
typical symmetrlcally- and asynunetrlcally-oscillating bubbles formed
in this manner are presented in figure 5.1 as functions of time.

5.1.2. Previous theoretical work
The first major theoretical study into the collapse of cavitation
bubbles in liquids was made in 1917 by Rayleigh who,

with regard to

the aforementioned phenomenon of cavity formation behind the screwpropellers of

large

ships,

used

the

following

formulation

of

the

physical problem at hand -

An infinite mass of homogeneous incompressible fluid acted
upon by no forces is at rest, and a spherical portion of the
fluid is suddenly annihilated; it is required to find the
instantaneous alteration of pressure at any point of the mass,

and the time in which the cavity will be filled up, the pressure
at an infinite distance being supposed to remain constant.
With

reference

various

to

the

bubble models,

notation of Vokurka
the

mathematical

above assumpt ions which describes

the

(l986b)

in his

equation ariSing

radial

work on
from

mot ion of the

the

bubble

walls is given by
RR

+ (3/2)R> - (P - PO»

/

(5.1)

PO),

where R is the bubble radius, P is the pressure in the liquid at the
bubble walls and PO) and PO) are the respective pressure and density of
the

liquid at

large distances from the bubble. As
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FIGURE 5.1. Plots of the not lonal radius of a light Iy-damped (thick
line) and a heavily-damped (thin line) oscillating cavitation bubble
produced by the act Ion of a focused 4.6-mJ Nd:YAG Infrared puise in
water.
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represent differentiation with respect

to time.

In addition to the

effects due to compressibillty of the host liquid, also neglected in
this simple model

of bubble-wall

motion are

those

effects arising

from buoyancy of the cavity, viscosity of the liquid, surface tension
at the interface and transfer of heat across the bubble walls.
Using equation 5.1, Rayleigh was able to predict the development of
extremely high

pressures

in

collapsing bubble when the

the

1 iquid close

radius of that

to

the

bubble

walls

reached a

of

a

small

fraction of its original value. If the bubble had contracted to onetwentienth of

its

initial

size,

for

example,

then

a

pressure

of

greater than a kllobar would be expected in the surrounding liquid.
Furthermore,

it was also possible to derive an equation relating the

maximum radius RM, of a cavity to its characteristic collapse time
T c ,'

(In figure 5.1, T c , is the time delay between bubble radii of
RM, and Rm " i.e. ~ 100 ~s for the author's experimental work.) This
relationship is of the form
(5.2)
where P y
its

,

the pressure of the vapour enclosed within the bubble at

maximum

radius,

is

equal

to

the

s.v.p.

of

the

host

liquid.

Equation 5.2 is therefore a slight extension of Rayleigh's original
work for which it was assumed that P y

-

O.

Carrying out

the above

calculation for water at a depth of about 5 mm, for which the values
of the known variables are Pro -

998 kgm- 3

,

Pro -

101.5 kPa and P y

-

2.6 kPa, we obtain an average collapse velocity RM,/Tc , of 10.9 ms-'.
This value is constant for all cavities, regardless of their initial
size.
In the next half-century a number of workers proposed modifications
to Rayleigh's original

model

in order to take

more of its major deficiencies.

generally

attached

particular

into account

In their new models,

importance

to

the

liquid compressibility into their analyses so that

one or

these workers

introduction

of

calculations of

pressure could be extended past the first collapse phase and on into
the bubble rebound. A brief out line of some of the methods used by
various workers in this field is given in the papers by Lastmann 6<
Wentzell (1981) and Vokurka (1986b), the latter of whom considers the
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much-used model of Cilmore to be most useful in describing the buildup of pressure in the liquid and the subsequent emission of acoustic
waves during bubble collapse.
The transient pressure distributions arising around a cavity which
obeys Ci Imore's model were first evaluated in detai I by Hickl ing &
Plesset (1964) who found, not surprisingly, that the contents of the
bubble played a

large

role

in deciding the minimum size attained

during the first collapse phase. Instead of considering an empty void
as Rayleigh had previously done, the bubble was assumed to contain a
perfect uniform gas undergoing Isothermal or adiabat ic contract ion.
The resulting equations of compressible flow, which were derived by
assuming the sound speed and enthalpy changes within the I iquid to
vary with pressure according to the well-known Tait equation, could
be reduced to Rayleigh's original equation by setting the sound speed
to infinity and limiting the pressure changes to small values. This
being the case, the right-hand side of equation 5.1 is equal to the
change in enthalpy of the I iquid at the bubble walls from Its Initial
value. Also predicted by the work of Hickl ing & Plesset for bubbles
with a lower initial cancent ra t ion of enc I osed gas were the greater
velocities experienced by the

liquid around the bubble walls,

the

stronger build-up of pressure and emission of acoustic waves during

collapse, and the more rapid steepening of the emitted waves to give
shock fronts.
One of the more recent models of spherical cavity collapse is that
due to Fujikawa & Akamatsu (1980, 1985), who formulated a series of
complex equations describing the transient pressure changes occurring
around both vapour and gas bubbles in liquids. In addition to liquid
compressibllity and viscosity, the final model also took into account
the effects of condensation of vapour and conduction of heat across
the bubble walls. Moreover, the model also considered the contents of
the cavity to be at a different temperature to that of the liquid on
the other side of the non-equilibrium interface. The main assumptions
in the calculations were of negligible gravitational and diffusive
effects and of independently-varying compressibllity and viscosity of
the host liquid. Using this model, the authors were able to show that
a purely vaporous cavitation bubble could emit compressional acoustic
waves when undergoing radial

osci Ilat ions

158

In a simi lar manner

to

mixed vapour-gas or pure gas cavities for which little appreciable
condensation occurred.

As described

In §

5.1.1,

this

effect

was

ascribed to the pressure of the bubble contents rising rapidly above
the s.v.p. of the surrounding liquid when the rate of condensation
became

Insufficient

to

remove

the excess vapour during the

final

stages of bubble contraction.
Shown in figure 5.2 are theoretical results appearing in the 1980
paper by Fujlkawa & Akamatsu of a spherical vapour bubble with an
Initial radius of 1.0 mm before and after achieving its first minimum
size. In this normalised plot of pressure In the liquid versus radial
dlstanc'e, the finely and coarsely dotted lines respectively show the
positions of the bubble wall and the peak pressures in the liquid. A
maximum peak pressure of greater than a kilobar is generated in the
liquid adjacent to the cavity walls while the minimum radius attained
during the collapse phase Is about 55 pm. From figure S.2(b),
clear that

it is

the peak pressure associated with the emitted acoustic

wave, which has a normalised value of about 100 bar mm (see § 5.2.1),
varies nearly according to a 11r law as would be expected from simple
geometrical attenuation.
Although the collapse of vapour bubbles on or near solid surfaces
is of more direct relevance to the practical problems associated with
cavitation erosion,

little theoretical work has been done

in this

field due to its relative complexity. The first rigorous mathematical
study of the contraction of a bubble In contact with a solid boundary
was carried out by Naude & Ellis (1961), who used perturbation theory
to show that such a bubble would collapse asymmetrically towards the
surface. Although they assumed the

I iquid to be incompressible and

Invlscid, they were able to predict the formation of a high-speed jet
of liquid which would be directed through the centre of the bubble
and onto the solid Interface causing possible damage.
Some years later Plesset & Chapman (1971) considered a si ight Iy
dl fferent problem wi th an ini t ially-spherlcal vapour cavl ty near to
or just touching a plane solid boundary. In addition to the previous
conditions of an Incompressible and invlscld host liquid, the vapour
pressure within the bubble was also assumed to remain at a constant
value with time. For a bubble formed an Initial distance of 1.5 RMl
from the boundary, the collapse was found to yield a roughly toroid-
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Theoret ical

pressure

distrlbut Ions

in

around a spherical vapour bubble with an initial radius

the

Rn,

liquid
of I

lIun

lnunedlately before reaching a minimum radius Rm ,. Figure taken frolll
Fujikawa & Akamatsu (1980).
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b

FIGURE

5.2(b).

Theoret ical

pressure

distribut ions

In

the

around a spherical vapour bubble with an initial radius R,.l1

I i'luid
of I nun

immediately after reaching a minimum radius Rm,. For axis labels see
previous page. Figure taken from Fujikawa & Akamatsu (1980).
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shaped cavity and a liquid jet with a velocity towards the surface of
170 ms-'.

Furthermore, a bubble

Initially just

in contact with the

boundary was shown to collapse asymmetrically onto I t giving a
velocity of 130 ms-'. Consequently,
travelling at a greater speed for

jet

although the jet of liquid was
the bubble most

remote from the

surface, the workers concluded that It was much less likely to cause
damage since It needed to travel a much larger distance to reach the
boundary. This showed that collapsing bubbles needed to be very near
if not actually on a surface before they caused any erosive effects.
Using the values of jet velocity v determined previously, plesset

&

Chapman were then able to calculate the Initial pressure Pwh induced
in the sol id material using the so-called "water-hammer equat ion" for
collapsing bubbles in contact with the boundary. This had the form
(5.3)
where Ps and Cs are the density and sound speed of the undisturbed
solid, respectively. For the bubble at an initial distance RN,
the solid surface, therefore,

from

this yielded a value of about 2 kbar,

which Is large enough to cause erosion In many materials.
More recently, Blake et al.

(1986) undertook a more comprehensive

mathemat Ical study of vapour bubbles near sol id boundaries
solutions

for

in which

the pressure distribution in the nearby liquid were

found for points up to the first

bubble collapse. Since this model

again assumed the liquid to be incompressible and Inviscid, however,
It was not possible to continue the calculations on into the rebound
phase.

Nevertheless,

collapse phase of a

whereas Plesset & Chapman only considered the
large

spherical

bubble,

Blake

et al.

started

their calculations with a small spherical high-pressure cavity which
they first allowed to expand. Furthermore,

they also considered the

effect of buoyancy on bubbles near horizontal

solid boundaries

for

which It was possible to reverse the direction of jet formation and
migration. These 'relatively-small

gravitational

forces were usually

considered negligible for bubbles with a maximum radius of less than
about 10 mm.
Figure 5.3 describes a vapour bubble formed a distance 1.5 RN, from
a

rigid boundary according to the calculat ions of Blake et al.
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In

this case, the shape of the contracting bubble (a) is very similar to
that predicted by Plesset & Chapman with the upper wall

impinging

upon the lower immediately prior to termination of the calculations.
This effect is manifested as a distortion of the cavity to a roughly
annular shape down through the middle of which the high-speed liquid
jet is strongly directed (b). Moreover, the area of compressed liquid
arising from the inwards motion of the liquid is now centred close to
the bubble wall most remote from the boundary, giving rise to a steep
pressure gradient immediately above the bubble (c). Figure 5.4 shows
a similar set of computational results for a cavity expanding from a
point a distance 1.0 RMl above the surface. For this condition, the
expansion phase is significantly modified such that the lower edge of
the bubble is flattened at the first maximum size (a). Subsequently,
the cavity collapses onto the boundary as previously predicted giving
rise to a si ight Iy less energet ic I iquid jet which impinges almost
directly onto the solid surface beneath (b,c).
With regard to. the possibl ity of creating materials resistant to
cavitation damage, Blake & Gibson (1981), Gibson & Blake (1982) and
Blake et al.

(1987) have also carried out theoret ical studies into

the collapse of bubbles near free and flexible boundaries. Gibson &
Blake have shown empirically that

it should be possible to deflect

the I iquid jet associated wi th bubble collapse near a rigid surface
by suitable choice of stiffness and inertia of the solid material. In
addition, Blake et al. have performed calculations for vapour bubbles
near free surfaces, an example of which is shown in figure 5.5.

In

contrast with the situation near a rigid boundary, a liquid jet

is

always directed away from the free surface during the first collapse
phase when buoyancy effects are negl igible. Furthermore, the cavity
migrates away from the free surface, which is also distorted due to
the formation of a region of high pressure above the bubble.
The phenomenon of sonoluminescence, or the emission of I ight

by

liquids irradiated by acoustic waves, has received much attention in
the last few years due to its possible use in industry to enhance the
activity of some chemical processes. As described by Margulis (1985),
the effect is due to the generat ion and maintenance of osci Ilat ing
vapour bubbles in liquids by the action of an external ultrasonic or
sonic acoustic field. Three main alternative mechanisms have been put
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a

FICURE 5.3. Theoretical (a) bubble shapes, (b) particle pathlines and
(c)

equally-spaced pressure contours for a cavity formed an inlt ial

distance of 1.5 RMl
from Blake, Talb

above a horizontal

& Doherty

(1986).
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rigid boundary. Figure taken

a

b

fiGURE 5.4. Theoretical (a) bubble shapes, (b) particle pathllnes and
(c) equally-spaced pressure contours for a cavity formed an initial
distance of 1.0 RMl above a horizontal rigid boundary. Figure taken
from Dlake, Talb

& Doherty

(1986).
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a

b

FIGURE 5.5. Theoret Ical (a) bubble shapes. (b) part fcle pathllnes and
(c) equally-spaced pressure contours for a cavity formed an initial
distance of 1.0 RMl
from Blake. Talb

below a horizontal

& Doherty (1987).
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free surface.

Figure

taken

forward as likely causes of sonoluminescence in water, all of which
Involve the violent collapse of cavitation bubbles. The first, which
is thermochemical in nature, assumes the molecules of water inside a
collapsing bubble to dissociate thermally giving H and OH radicals
which then recombine emitting light. The second mechanism attributes
the emission simply to the

Incandescent glow of the enclosed high-

temperature vapour. The thi rd uses the idea of a non-unl form charge
distribution at the bubble walls to produce dielectric breakdown and
formation of a plasma. As a consequence, it should be possible to see
light

emission from

laser-generated cavit les

of sufficient

energy

under normal laboratory conditions.
The

various

mechanisms

behind the

laser-generat ion of acoust ic

waves in liquids have been discussed in detai I by Lyamshev (1981),
who

considered both

different

optical

I inear and non-linear absorpt Ion of

power

densities.

The

formation

of

light

waves

at
(and

cavitation bubbles) by laser-induced plasmas was shown to be a highly
non-l inear process
light

in which material around the focal

beam is heated

to

temperatures

threshold of its constituent

atoms

in excess

(" 10· K)

(Vokurka

1986b) ,

Lyamshev was

able

to

the

ionisat ion

causing an extremely

rapid vaporisation of the surrounding liquid.
slightly earlier version of Cllmore's model

of

point of the

In addition,

using a

of cavity oscillation

formulate

relationships

by

which the radius Rmo and pressure PMo of the bubble immediately after
the impingement of the laser beam into the liquid could be estimated.
These have the form

Rmo " [3(~ -

I)T02EO' /

4~p~]1/S,

(5.4)

PMo " p~3/S [3(~ - 1) / 4~]2/S To - S/ SEo '2/S,
where

~

(5.5)

Is the ratio of the specific heats of the vapour and TO

the durat ion of the

laser pulse.

Eo'

is

the

total

opt ical

is

energy

absorbed by the plasma, whose value depends upon the laser energy Eo
incident upon the sample and the absorpt ion characterist ics of the
plasma. The Mach number Mo associated with the initial expansion of
the plasma cavity Is then given simply by

(5.6)
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In order that a shock wave be generated,

this value of Mo should be

greater than unity, as it is bound to be for all O-switched opt ical
power densities above the threshold for dielectric breakdown.
As previously described In § 5.1.1, when a vapour or gas bubble is
formed by rapidly vaporising or boiling a small portion of liquid e.g. via optical cavitation - then the bubble undergoes damped radial
oscillations during which the energy of Its contents is reduced. The
mechanisms by which energy is dissipated into the surrounding liquid
Is therefore of great Importance for the understanding of cavitation
phenomena

In general.

Vokurka

(1986a,1987,1988a)

has developed

a

procedure for the analysis of experimental data from widely-varying
sources using a relatively simple model of bubble behaviour.

In his

model of a vapour bubble, for instance, Vokurka (1988a) assumes the
contents of the cavity to behave like a perfect gas when the bubble
walls are moving fast (I.e. for R > Rvg) and as a perfect vapour when
the walls are'moving more slowly (i.e. for R
gas,

< Rvg).

While a perfect

the contents experience no loss of mass due to evaporat ion or

condensation across the bubble walls and therefore undergo adiabatic
changes in volume. While a perfect vapour, on the other hand, the two
processes occur at Infinite speed so that the pressure of the bubble
contents remains constant

at

the s.v.p.

of the host

liquid.

As a

result, the pressure P in the I iquid at the bubble wall during the
first growth phase may be described by
P

(5.7)

P

and during the following collapse and rebound phases by
P

(5.8)

P

The subsequent calculations of pressure and bubble size were enacted
using a model
and Ci lmore

intermediate In complexity between those of Rayleigh
(Vokurka

1986b)

for

which

I iquld compress I bi I i ty was

part ly taken

Into account.

speed

above which the behaviour of the bubble contents was

1Rvgl,

In these analyses,
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the

threshold wall

taken to be purely gaseous, was assigned a constant value of 6 ms-' a velocity around half that of the characteristic Rayleigh collapse.
The system of measurement parameters defined by Vokurka (1986a) is
briefly summarised In figure 5.6. As outlined previously, a vapour
bubble with Initial radius Rmo (a) expands to a maximum radius RM,
before contracting back towards a minimum radius Rm, at a time

t

-

The expansion and collapse times, Te, and T c ,' In this first
cycle of oscillation are normally taken to have a value of To,/2. The

To,'

equilibrium radius Re of the bubble is that radius attained at the
end of the oscillations such that Rmn < Re < RMn where the subscript
n denotes the nth collapse phase. Moreover, on emission at the first
collapse phase, the second acoustic wave, or first bubble pulse (b),
achieves a normal ised peak pressure PM, which Is a value Pp, above
the ambient pressure Pm,

for

example.

The contents of the vapour

bubble, which are always referred to using capitials, are formed at
an Initial pressure PMo and an Initial temperature eMo'
Using equations 5.7 and 5.8 with the above model of bubble motion,
Vokurka

(1988a)

was

therefore able

to calculate that

the

minimum

radii Rmn attained by a relatively low-pressure vapour bubble (PMo ~
3 kbar) should decrease a greater extent from the initial radius Rmo
during successive collapse phases. Furthermore, the peak pressure Pp'
of the first bubble pulse at a particular radial distance rp, should
also be greater than that of the acoustic wave emitted during the
first expansion Ppo of the bubble and that of the subsequent bubble
pulses (n > 1). These relations may be expressed via the following
inequallt ies
(5.9)

Ppo < Pp, > PP2 >

(5.10)

For more energetic vapour bubbles, Vokurka was also able to show that
the peak pressure of the initial acoustic wave should be larger than
that of the first bubble pulse and that the first minimum radius Rm,
should be larger than the initial radius Rmo'
For purely gaseous bubbles,

Vokurka (1986a)

brought

together a

series of equations describing the variations in energy of a cavity
undergoing radial oscillations. With caution, however,
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FIGURE 5.6. Definition or measurement parameters for an oscillating
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a function of time t. Figure taken rrom Vokurka (1986a).
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relations may be extended for use with bubbles of a vaporous or mixed
nature. The total change In potential energy dEp of the contents of
the cavity between any two points after a time t - t, is given by

(5.11)

where dE; Is the change in Internal energy of the enclosed vapour, Ek
Is the kinetic energy of the surrounding liquid, dEa Is the radiated
acoustic energy and dEu is the energy dissipated by other mechanisms
InclUding the diffusion of heat Into the liquid. At any time t after
the bubble achieves

maximum radius RM"

Its first

the changes

In

potential and internal energy of the bubble contents from those at

t

t, may be calculated using

(4 ... /3)
dE;
where all

(p", -

P) RM,3 (1 - (R/RM,) 3],

«4~Pm,RM,3) / 3(1 -

1»

(5.12)

[(R/RM,)-3(1-') - 1],

the variables have been previously defined.

(5.13)
In addition,

assuming propagation losses to be negligible, the energy radiated via
acoustic transients between t - ta and tb is given by
dEa - 4 .. rp2 Jtb Pa 2 (t)dt,
Pcocoo

(5.14)

La

In which the acoust Ic pressure the liquid at a time
the relat Ion Pa(t)

p(t)

-

p",

(Cole 1948).

t

is found from

In this equat ion,

the

radial distance rp describes the point at which the peak pressure
occurs.

A further important parameter defined by Vokurka (1986a) was the
damping factor

0<,

for the mot ion of the bubble walls between t, and

t2 which is given by

(5.15 )

and which, by consideration of Rayleigh's original collapse relation
(equation 5.2),.ls often approximated by the ratio of the durations
of the successive oscillations
(5.16)

171

In actual fact,

a"

it was found that (3, is always slight Iy greater than

the difference between the two being of the order of one or two

percent. Since this discrepancy was rather small, however, the rough
equal I ty a, -

(3,

was considered val Id for all normal experimental

work. By taking measurements of the bubble size, the length of the
radial oscillations and the profile of the emitted acoustic waves,
Vokurka was therefore able to obtain a knowledge of the processes by
which the energy of the bubble contents was lost to the surrounding
liquid.
When Vokurka (1988b) applied his simple previously-described model
of vapour-bubble oscillation (Vokurka 1988a) to experimental results
gathered by various other workers, he found several interesting facts
to appear. Although he was able to predict the behaviour of sparkand laser-produced bubbles well during their first cycle of expansion
and contraction, serious discrepancies were found to occur between
his theory and practice in the subsequent oscillations. Whereas the
damping factor a, was calculated from theory to have a value of 0.71
for example, the experimental results, which showed rather a large
scatter from worker to worker,

yielded an average value of 0.45

to

0.50. This difference was attributed to another as yet unaccountedfor dissipative mechanism whereby energy was lost from the enclosed
vapour. Possible contributions to this mechanism were postulated to
be (a) turbulence in the liquid around the bubble, (b) loss of vapour
from the cavity In the form of mlcrobubbles, (c) cooling of vapour in
swellings of the bubble wall and (d) Inwardly-radiated compressional
acoustic waves. Furthermore, it was also put forward that for bubbles
with a,

>

0.7 the contents were likely to be predominantly gaseous,

while for a, < 0.7 they would be vaporous. This fixed limit provided
an easy method for the direct determination of the nature of cavities
undergoing one or more radial rebound.
5.1.3. Previous experimental work
The first known study of the Interactions of a coherent light beam
with transparent and opaque liquids was carried out as long ago as
1963 by Askar'yan et al. who directed the unfocused and focused high-
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power radiation from a

1-~s

pulsed ruby laser Into clear and coloured

tap water. When the absorption of the liquid was small, as was the
case for the uncoloured water, bubbles were observed to appear in the
path of the laser beam when the Intensity was sufficiently high. For
coloured water under focused illumination, however,

the

liquid was

ejected from its container by the much greater absorption of energy
In a thin surface layer. The generation of bubbles in the former case
was assumed to be due to the rapid heating of various inhomogeneities
In the liquid which acted as centres for vaporisation and boiling.
Using this Idea, the threshold optical power density at which bubbles
would start to appear In "dirty" water was calculated to be a few kW
cm- 2

•

In 1967 Bell

<I<

Landt and Carome et al. focused the radiat ion from

Q-swltched ruby and neodymimum lasers into water and photographed the
resulting vapour bubbles a short
shadowgraphlc optical
laser power was

time after their formation using

arrangements.

in the megawatt

In both cases,

range,

spherical

for

which

the

finite-amplitude

acoust Ic waves were observed to emanate from the expanding bubbles.
Furthermore, In unflltered tap water the cavitation took the form of
a series of bubbles spaced along the optical axis of the laser beam,
while

In dust-free water

It was confined to a single point.

Indicated that

the presence of Impuri ties

Important part

In the

cavitation bubbles.

In the

This

liquid played an

format Ion of plasmas and the generat ion of

Shortly afterwards,

an

Investigation

properties of the plasma Itself was made by Barnes

<I<

into

the

Rleckhoff (1968)

who focused the Q-swltched radiat ion from a 30-MW ruby laser into
distilled and cleaned water producing intense shock waves with peak
pressures of up to 250 kbar.

Using a photodiode arrangement,

the

authors were able to show that the radiation given out by the plasma,
whose temporal profile was similar to that of the 30-ns laser pulse
but retarded by about 15 ns, was the same as that expected from a
black body at a temperature of 15 000 K. This value corresponded to a
fractional ionisation of the short-duration plasma of 6 x 10- 4
The most

•

important early high-speed photographic study of laser-

produced plasmas In water was carried out by Fellx

<I<

Ellis (1971) who

used a Q-switched neodymium-glass laser with a total pulse energy of
3 J and a duration of SO ns. The light source used in the schlieren
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photography of the result Ing events was a xenon flash

lamp wi th a

Kerr-cell shutter giving an effective single frame time of 75 ns.

In

addition to vapour bubbles with a maximum radius of 3 mm and a total
lifetime of about 650 I'S,

compressional

and rarefactional

waves were observed, each of which propagated outwards at

acoustic
the sound

speed for delays greater than 31's.
Unt II

much more recent I y,

however,

lit t le

I nformat Ion about

the

behaviour of laser-generated plasmas In liquids at very short delays
was avai lable.

Fujimoto et al.

(1985)

and Docchlo

(1988)

have now

both studied the action of a focused Q-switched neodymium:YAG laser
beam in water for delays less than 10 ns. The first

set of workers

used a frequency-doubled YAG laser with a pulse energy of about 10 mJ
and a duration of about 10 ns - values similar to those for the laser
used In the author's experimental work -

to generate bubbles wi th a

maximum radius of 500 I'm. They found that the emitted acoustic waves
travelled at the sound speed of the liquid for delays greater than 60
ns corresponding to a shock radius of around 100 I'm. Since they used
a focused He-Ne probe beam with a fast photodiode, however, there was
no way of showing that

the

radii were not due to the
vapour

bubble.

In his

supersonic speeds observed at

smaller

Initial rapid expansion of the generated

work,

Docchio

looked at

the

full-bandwidth

luminescence of plasmas produced by focused YAG pulses of varying
duration using a fast photodetector. For pulses of length 12 ns the
rise time of the

luminescence was about

I ns, corresponding to the

point at which the threshold for dielectric breakdown was exceeded.
After achieving a maximum value, the luminescence then reproduced the
temporal shape of the incident

laser pulse, decreaSing back to zero

in a gausslan form after 10 or 15 ns.
Before the advent of the Q-switched laser

In the mid-1960s,

the

most convenient method for the well-controlled generat ion of single
cavitation bubbles

in

liquids

was

the

rapid discharge

of a

large

capacitor between two closely-spaced electrodes. Although primitive,
the technique provided a means of obtaining a detai led photographic
record of the behaviour of oscillating cavities In various positions
relative to rigid and free boundaries. An early example of this type
of experimental study is that due to Jones
a

& Edwards (1960) who used

tungsten needle and a half-Inch cylindrical pressure bar as
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the

electrodes across which a 10-l's discharge was generated In water.
This resulted In the formation of a hemispherical vapour cavity with
a maximum radius of up to about 5 mm which collapsed asymmetrically
onto the rigid boundary. Measurements of the velocities of the bubble
walls and the emitted acoustic waves were carried out using a streak
schlleren system In the form of a mercury discharge lamp and a highspeed drum camera. Measurements of the compressional waves induced in
the solid were made using the pressure bar on which the bubbles were
generated via a quartz disc.

In water the result ing acoust Ic waves

were observed to travel at or slightly greater than the sound speed;
In the solid the Intensl ty of the waves was found to increase wi th
maximum bubble size, pressures of more than 10 kbar being generated
directly upon the solid surface.
The most Important experimental study into single cavities carried
out during the 1960s was probably that of Benjamin & Ellis (1966) who
used an ingenious method to generate vapour bubbles in degassed water
with radii of 10 mm and lifetimes of the order of 10 ms,

the whole

procedure being carried out In an evacuated box with an air pressure
of 40 mbar. After the creation of a single 200-l'm hydrogen bubble by
the pulsed electrolysis of the water via a platinum electrode, the
nucleus was expanded by the large reduct Ion In hydrostat Ic pressure
associated with a rapid accelerat Ion of the body of I iquid. Vapour
cavities produced In this way were then photographed at rates of up
to 5 000 frames per second (f.p.s.) using a rotating-drum camera in
conjunction with a flash tube. The resulting images showed the clear
deformation of an initially-spherical bubble into a annular shape as
It collapsed from Its maximum size In the close vicinity of a solid
surface. Furthermore, the bubble was observed to migrate towards and,
under certain circumstances, adhere to the boundary, towards which a
jet of liquid would then be directed at speeds of up to greater than

35 ms- 1 •
Some years later a high-speed photographic study of spark-generated
vapour cavities near rigid surfaces and gas bubbles was performed by
Smith & Mesler (1972) who used a rotating-mirror camera operating at
a much greater speed of 35 000 f.p.s. Bubbles with radii of around 5
mm were formed in water at atmospheric pressure by the discharge of a
large capacitor across a pair of tungsten needle electrodes. Cavities
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produced a distance less than or equal to their subsequent maximum
radii from a solid indlum surface were observed to cause significant
pitting of the solid material. Cavities produced further away from
the boundary, on the other hand, were found to cause no damage at
all. Moreover, those vapour bubbles formed very near the surface were
seen to collapse directly onto the surface during their first cycle
of radial osclllat Ion, while those formed at a greater distance did
not reach the boundary until the second collapse phase if at all. In
this experimental work,

It was also shown that a single stable air

bubble posl t loned on a solid boundary could be used to protect that
boundary against a collapsing vapour cavity by reducing the energy of
the cavity, redirecting the liquid Jet and shielding the surface from
any emitted acoustic waves.
After the Important preliminary work of Fellx & Ell is (1971), the
first serious application of laser-produced cavities to the study of
vapour-bubble dynamics was undertaken by Lauterborn & Bolle

(1975)

who focused the Q-switched radiation from a ruby laser close to a
rigid brass plate in water. These workers photographed the resulting
bubbles at very high rates of up to 300 000 f.p.s. using a rotatingmirror camera together with a flash lamp and a ground-glass plate to
give a diffuse background Illumlnat Ion. For a laser pulse energy of
around 500 mJ and a pulse length of 40 ns,

vapour bubbles with a

maximum radius of around 1.5 mm were generated at distances between
1.5 and 3.0 mm from the solid boundary. The variation in position of
the bubble walls with time were then determined from the resulting
photographs using a computer-aided procedure whereby the co-ordinates
of the walls were digitally recorded, re-arranged and smoothed. When
compared with the contemporary theoretical work of Plesset & Chapman
(1971), the results were found to be In fairly good agreement despite
a slightly greater elongation of the bubble normal to the boundary in
the experimental work during the first collapse phase. The workers
also paid attention to the rebound cycle during which they observed a
migration of the cavity towards the solid surface at a speed of about
35 ms-' and the development of a funnel-shaped protrusion in the wall
closest to the boundary with a speed of 120 ms-'· This so-called tip
velocity was judged to give a lower limit on the speed of the liquid
Jet through the bubble.
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In the 1970s, the most extensive study of the behaviour of vapour

bubbles near free surfaces was probably carried out by Chahine (1977)
who created a

10-~s

discharge between a pair of platinum electrodes

In degassed water. Although the maximum framing rate achieved during
this experimental work was only about 20 000 f.p.s., a good record of
bubble-wall position was obtained by evacuating the sealed container
Inside which the water was held such that the lifetime of the bubbles
was Increased fivefold from its normal atmospheric value. In contrast
with the case of a rigid boundary, vapour bubbles were shown to move
away from a free surface after their first collapse, the I iquid jet
being directed In a similar direction. In addition to these effects,
however, which were found to occur for bubble-boundary distances of
less than about

three maximum bubble radii,

the

free surface was

observed to distort appreciably In the course of the first expansion
phase with the formation of a distinct spike of liquid at very small
separations.
The first direct observation of a spherical acoustic wave emitted
during the collapse of a vapour bubble was achieved by Lauterborn &
Tlmm (1980) who employed a modified version of the ruby-laser-based
apparatus described earlier (Lauterborn & Bolle 1975). In addition to
the original

rotating-mirror camera,

added to the arrangement

an Image-converter camera was

so that cavities could be simultaneously

viewed at two different framing rates (see figure 5.7). Furthermore,
both cameras were synchronised to the collapsing cavity, rather than
to the ruby laser,

using a

low-power He-Ne probe beam and a fast

photodiode. By setting the two cameras to run at rates of up to one
million f.p.s.,

direct

images of the acoustic

transient

captured. For a single laser-generated vapour cavity,

could be

the radiated

wave was observed to comprise a single spherical compressional front;
for a bubble created via multiple laser-breakdown, on the other hand,
more than one spherical transient was radiated from adjacent points.
Shortly later, Hentschel & Lauterborn (1982) performed mechanical
measurements of the strengths of the acoustic waves given out by the
previously-descrIbed laser-produced vapour bubbles using a broadband
microphone and a storage oscilloscope. At a distance of 10 mm from an
oscillatIng cavity with a maximum radIus of 1 mm, for example, a peak
pressure of about 4 bar was recorded. Moreover, a roughly quadrat ic
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FICURE 5.7. Experimental arrangement for the hIgh-speed photographic
study of ruby-laser-generated cavities. Figure taken from Lauterborn
& Tlnml (1980).
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FICURE 5.8. Experimental results from the particle-image velocimetry
of laser-generated vapour bubbles near a sol id boundary (shown as the
hatched areas). Values of velocity are given in units of ms-I. Figure
taken from Vogel, Lauterborn

& Timrn (1989).
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relat lonship was found to exist between the maximum pressure of the
emitted waves and the maximum radius of the bubbles In the first and
second cycles of oscillation.

By measuring the

time separation of

successive acoustic pulses from vapour bubbles, which could then be
used to calculate maximum bubble radius and energy, the workers also
found that the radii of these cavities after a collapse were always
about half their value before that collapse.
More recently, Giovanneschi

& Dufresne

(1985) carried out a brief

study of vapour bubbles formed by the action of a frequency-doubled,
Q-swltched Nd:YAG laser with a pulse energy of up to 170 mJ and a
pulse duration of 13 ns. Cavities with maximum radii of 300 pm and
lifetimes of around 60 ps were photographed at a rate of two million
f.p.s.

using

a

shadowgraphic

optical

arrangement

with

an

image-

converter camera and a 20-ps xenon flash. Streak pictures of the same
bubbles at a rate of 1 ps mm-I were also obtained using a modified
form of the same camera.

Using the

framing system,

Images of the

spherical acoustic wave emitted during the first collapse phase of a
symmetrically-oscillating vapour cavity In water were obtained.
The first application of Mach-Zehnder interferometry to the study
of laser-generated acoust ic waves

in water was reported in 1985 by

Emmony who considered the effect of the

to.6-pm infrared radiation

from a 50-mJ pulsed TEA carbon-dioxide laser. Since water is opaque
to radiat ion of this wavelength, however,

the ultrasonic waves were

produced via the vaporlsat Ion of a thin surface layer of I iquid as
opposed to dielectric breakdown and no vapour bubbles were formed. A
single photographic interferogram of each acoustic wave was captured
using a near-ultraviolet nitrogen-laser I ight source with an ultrashort pulse length of around a nanosecond. The new experimental work
described In this chapter is therefore,

in essence,

a continuation

and refinement of the prel iminary studies being carried out at

this

earlier stage.
Due to interest in the field of laser eye surgery, which became a
widely-used technique in the 1980s, Vogel et

at. (1986) undertook a

thorough investigation into the formation of cavitation bubbles and
acoustic waves by a

focused Nd:YAG laser beam in saline solutions.

Vapour cavities with maximum radii of more than 1 mm were generated
by the action of a 7-ns, 5-mJ Q-switched or mode-locked laser pulse,
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the Q-swltched method being around 50 % more efficient. Furthermore,
acoustic transients with peak pressures of up to 16 bar at a radial
distance of 18 mm were formed during the Initial expansion of these
vapour bubbles. A drum camera operating at a speed of 20 000 f.p.s.
and a flash lamp were used to photograph the laser-generated events
in a schlleren optical arrangement. Measurements of acoustic pressure
were made via a 1.2-MHz microphone, the output of which was passed to
a microcomputer. Using this apparatus, it was found that the energies
of the cavity and the first bubble pulse were each proportional to
the energy of the Incident laser beam whether It be either Q-swltched
or mode-locked.
One of the most comprehensive studies to date of the dynamics of
vapour bubbles near rigid boundaries was performed by Tomita & Shima
(1986) who used a combination of schlleren, photoelastic, streak and
framing techniques to visual ise the emitted acoust ic transients

in

both the host liquid and the nearby solid material. Vapour cavities
with maximum radii between 3 and 5 mm were generated in water by the
discharge of a condenser bank across a pair of tungsten electrodes,
the corresponding bubble
second.

lifetimes being of the order of a milli-

Pictures were captured using an image-converter camera and a

200-l's xenon microflash at

rates of up to two mi II ion f.p.s.

with

exposure times down to 100 ns and streak speeds of about 250 ns mm-I.
Three separate types of solid surface were

invest igated -

(a)

one

mounted with a 400-kHz pressure transducer, (b) one made from a slab
of epoxy resin sandwiched between two phosphorbronze plates and (c)
one made of the soft metal indium. It was not unfortunately possible
to make absolute measurements of acoustic-wave pressure using these
surfaces, but relative values could readily be obtained from material

(a). Using these experimental arrangements, the workers were able to
obtain quantitative information on the mechanisms in operation during
vapour-bubble collapse near a rigid boundary. Some of their results
are outlined below.
For cavities created a distance less than about 1.2 maximum bubble
radii (m.b.r.) from the boundary, Tomita & Shima found the first jet
to Impinge upon the solid surface before the bubble collapsed fully.
Indeed, the greatest time lag between jet Impingement and the bubble
reaching a minimum size occurred for a bubble-boundary distance of
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0.6 to 0.7 m.b.r., which roughly corresponded to the region in which
the diameter of the base of the collapsed bubble reached a maximum
value. As might well be expected from a simplistic approach, the peak
pressure induced within the solid around the first collapse was found
In general to increase as the cavity-boundary distance was decreased.
At separations of 0.9 to 1.0 m.b.r., however, around which point the
maximum jet velocity of 130 ms- 1 was observed, the peak stress was
found to drop off quickly. Using these and other results, the workers
concluded that, for a vapour bubble close to or touching a surface,
more than one mechanism was responsible for the generation of stress
waves In the solid material. These were summarised as (a) an acoustic
wave formed from the impact of the upper bubble wall on the lower,
(b)

a fast-moving liquid jet, (c) acoustic waves from many collapsing

mlcrobubbles formed from an outward radial flow of liquid, and (d) an
acoustic wave formed during the rebound of the remaining torus-shaped
cavity.
In addition to the conclusions arrived at above, Tomita 6. Shima
made several other important observations as part of the same study.
During the collapse of a vapour cavity for which the bubble-boundary
distance was sufficiently small - around one-third of the m.b.r. - a
ring of lOO-pm circular damage sites was found to occur on the soft
metal surface. Since the diameter of the main ring corresponded to
that of the bubble base at

its minimum size,

this fine pitting was

attributed to mechanism (c) above. For these small separat ions,

it

was also noted that stress waves were generated in the solid not only
at the first collapse, but at the second as well. Furthermore, from
the streak schlieren pictures,

it was found that

the main acoustic

wave given out during the first collapse phase was often preceded by
numerous much weaker pressure pUlses.
A much simpler study of the acoustic waves given out during lasergenerated bubble collapse in water was performed by Vokurka (1988c),
who used an arrangement simi lar to that of Hentschel 6. Lauterborn
(1982). This resulted in the formation of cavities with maximum radi(
of up to 1.7 mm. Using a wide-bandwidth microphone, Vokurka measured
the temporal profile of the leading edge of waves emitted during the
first collapse phase, and showed them to be made up of two distinct
regions. The first part of the wave front , during which the pressure
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increased to about one-third of Its maximum value, lasted about 3
the second part lasted only between 100 and 150 ns. Around 40

~

~s;

of

the total acoustic energy of the leading edge was associated with the
first part, the remaining 60

~

being due to the second.

A totally different approach to the subject of collapsing cavities
was taken by Dear & Field (1988) who used a clever technique whereby
Initially-stable two-dimensional

gas bubbles were collapsed by the

action of an externally-generated 2.6-kbar shock wave. Bubbles with
radii of about 1.5 mm were created In the form of circular holes in a
water-gelatine sheet of good fluidity which was then held between a
pair of thick glass plates. Schlleren photographs of the result ing
collapse dynamics were obtained using an image-converter camera at
rates of around one million f.p.s .. For single circular bubbles, the
Incident shock wave was seen to cause the formation of a fluid jet In
a direction parallel to Its direction of propagation at speeds of up
to 400 ms-I. This jet speed was noted to be slgnl flcant ly greater
than that for corresponding vapour cavities near solid boundaries.
An upgraded form of the apparatus first used by Tomita & Shima in
1986 was used by Shima et al. (1989) In a photographic examination of
the behaviour of spark-generated vapour bubbles near composite solid
surfaces. In addition to the use of an image-converter camera to take

shadowgraphic streak and framing Images of the event, a 20-ns pulsed
ruby laser and a simple photographic plate were used to capture a
single high-resolution shadowgraph around the first collapse phase.
For bubble-boundary distances of more than one m.b.r., these results
showed the dynamics of collapsing bubbles and the propert ies of the
emitted acoustic waves to depend not only on the material from which
the boundary was made, but also critically on the size and position
of the initial bubble.
Slightly more recently again, Alloncle et al. (1989) developed the
equipment initially assembled by Giovanneschl & Dufresne (1985) for
the study of neodymium-laser-produced bubbles in water by splitting
the laser beam into four branches, each of which could then be used
to create a separate cavity. The workers also introduced a 2-W argonIon laser as the light source for the previously-used image-converter
camera and a ferroelectric probe to obtain relative data on the peak
pressures of the emitted acoustic waves. Streak and framing Images
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were taken of one or more bubbles In various configurations relative
to free and rigid boundaries using a shadowgraphic optical set-up,
particular attention being paid to the behaviour of pairs of bubbles
formed close to one another. In this arrangement, it was found that,
as expected, the rebound radii of the vapour bubbles were much larger
than those of single cavities formed far away from any boundaries.
However, instead of being repelled as for a free surface, the bubbles
were observed to attract one another, merging together under certain
circumstances.

In addition,

the acoustic wave radiated by a vapour

cavity formed near a solid perspex boundary was visual ised in the
I iquld and sol id materials using a framing method at a speed of two
million f.p.s ..
Using extensively-modified versions of the experimental apparatus
first

introduced by Lauterborn £. Bolle (1975) and Lauterborn £. Timm

(1980), Vogel et al. (1989) have undertaken further investigations of
ruby-laser-Induced vapour cavities in water near rigid boundaries. In
addition to the basic high-speed photographic arrangement employed by
Lauterborn £. Timm, which was used to obtain high-resolution pictures
of diffusely-lit bubbles at a rate of one million f.p.s., the workers
also employed a drum camera operating at a much lower speed of 20 000
f.p.s .. This second camera was used In three separate configurations,
brief outlines of which are given below. The first set-up comprised a
1-~s

flash lamp and a ground-glass screen which were used to provide

a diffuse illumination for the event. By changing the orientation of
the rigid boundary within the cuvette in this case,

it was possible

not only to view the cavity from the side as normal, but also from
above. The second set-up was quite similar to the first, but in this
instance the lighting, which was provided by a spark-gap flash lamp,
was collimated in order that a sequence of schlieren images could be
recorded.

across

Furthermore,

a

static

temperature

the cuvette of water by a

gradient

was

induced

pair of Peltier elements.

This

caused the liquid jet formed during bubble collapse to become visible
due to the temperature difference between it and the water into which
it was propelled. The third and final set-up, for which the

light

source was a 3.6-w argon-Ion laser, employed the method of particleimage veloclmetry to determine the rate and direction of liquid flow
around

oscillating

vapour

cavities.
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Before

being

allowed

to

illuminate

the

test

specimen,

which waS seeded with 25-l'm

light-

scattering particles, the continuous-wave output from the argon laser
was fI rst passed through an acousto-opt i c defl ector produc i ng

l-I's

pulses at a frequency of about 300 kHz, and second, focused as a 140I'm-thick I ight sheet. With the camera ope rat ing at a rate of 10 000
f.p.s., this allowed five exposures to be made on each frame of film
from which measurements of velocity could then be carried out.
In addition to the above measurements of bubble dynamics, Vogel et
al. also performed a concurrent opto-mechanical study of the acoustic

waves

radiated during cavltat Ion-bubble

collapse.

Since

the

3-MHz

bandwidth of the pressure tranducer used In these measurements was
less than the anticipated bandwidth of the waves themselves, the peak
pressures of the resulting profiles were multiplied by a correction
factor which included the duration of the acoustic pulse. The value
of this pulse length was found via an optical beam-deflection method
using a focused l-W argon-laser beam, a fast photodiode and a storage
osc i II os cope .
From the direct high-speed photographic apparatus described above,
it was found that a ring vortex was often created after the formation
of a liquid jet around the first collapse of a vapour bubble near a
rigid boundary. For a bubble-boundary distance of greater than 1.5
m.b.r., the vortex appeared after a minimum bubble size was achieved;
for a distance of about 0.9 m.b.r., it appeared before collapse. For
a cavity with a maximum radius of 3.5 mm,

this vortex circulated

around the remaining toroid-shaped body of vapour at a veloci ty of
about 5 ms- 1 for one or more further cycles of oscillation. When the
bubble-boundary distance was much less than one m.b.r., on the other
hand,

in which case the cavity collapsed directly onto the surface,

the jet created a radial flow of I iquid along the boundary from the
bubble.
In addition to the main jet of liquid, which was directed towards
the rigid boundary, the results of Vogel et a/. also showed that a
smaller jet was usually formed in the opposite direction for bubbleboundary distances of between one and

two m.b.r ..

This so-cal led

counterjet, which was generated from the non-uniform acceleration of
the main jet across its width during cavity collapse, travelled along
the Inside of the main jet at an Initial velocity of about 35 ms- 1
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which decreased to zero after about 20 ps. This therefore meant that
the strength and duration of the counterjet were, In all cases, much
less than those of the main jet.
Results obtained from the veloclmetry arrangement showed that,

in

good accordance with the theoretical predictions of Blake et al. (see

§ 5.1.2), liquid flow during cavity collapse near a solid boundary
was directed towards a point near the bubble wall most remote from
that boundary. Furthermore, the magnltudes of the liquid velocity on
the side farthest from the boundary were greatest, as would clearly
be expected. These effects are Illustrated in figure 5.8, which shows
a vapour bubble with a maximum radius of about 2.0 nun formed 4.8 nun
from a rigid surface at two times, (a) and (b), near the end of the
first collapse phase. Liquid In the lnunediate vicinity of the cavity
walls is shown in these diagrams to travel at speeds of up to around
20ms-'.
From the corrected transducer measurements on acoustic transients

radiated from collapsing cavities, it was found that around 73

~

of

the energy lost by a rebounding cavity In a large expanse of liquid
was given out as pure acoust Ic energy.

In contrast, bubbles formed

between 0.6 and 1.3 m.b.r. from a solid boundary emitted less than
one-tenth of their total change In energy In this way. The temporal
proflles of the waves emitted during the first expansion phase were
found to comprise a sharp leading edge with a rise time of about 10
ns and an exponential-type decay lasting around 100 ns. Those waves
formed after bubble collapse, on the other hand, were preceded by a
50-ns region in which the pressure grew relatively slowly. Moreover,
the peak pressures of the

transients

formed during the first

and

second collapse phases of a spherical cavity were observed to vary
linearly with the maximum radius of the bubble, the strength of the
second bubble pulse being around 30
it was calculated that

~

of that of the first. Finally,

the maximum pressure generated in a vapour

cavity with an initial radius of 3.5 nun would be about 60 kbar during
synunetrical collapse but only 2.5 kbar during collapse very near a
solid surface.
The most recent

Invest igat Ion of cavltat Ion bubbles in water was

undertaken by Tomita & Shlma (1990) who employed a 1.2-J pulsed ruby
laser to generate vapour bubbles in place of the discharge apparatus
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previously used in 1986. Cavities were created in various positions
relative to rigid and free boundaries, the most

Interesting results

being obtained when a solid non-planar surface was used.

Where an

Initially-spherical bubble was formed near a conical convex wall, for
Instance, the bubble was seen to begin collapsing onto the surface as
soon as it touched the apex of the cone. Where formed near a conical
concave wall, in contrast, the bubble collapsed giving a disc shape,
which was subsequently pierced by a jet of water flowing towards the
boundary.
As Is hopefully evident from the previous description of research
conducted during the last forty years into singularly-produced vapour
bubbles in liquids, a much greater understanding of the mechanisms at
work In cavity oscillation has only relatively recently been gained.
In part Icular, the study of cavl tat Ion erosion, which has been wl th
us now for over a century, is currently yielding further information
likely to be of much use In the future design of hydraulic machinery.
This is partly due to the introduction of the Q-switched laser as a
near-perfect technique of generating well-characterised cavities, a
method which wi II probably see wider use in the coming years. More
general reviews of cavitation studies beyond the scope of this work
have been written by Plesset & Prosperetti (1977), Lauterborn & Vogel
(1984) and Young (1989), the latter of which provides a complete rundown of all significant work carried out since the time of Newton.

S.2. Preliminary investigations
5.2.1. Experimental arrangement
The apparatus used throughout this chapter was based upon the main
experimental arrangement described fully in chapter two. Measurements
of the changes in pressure in ~he liquid around laser-produced vapour
bubbles were enacted using a simple Mach-Zehnder interferometer with
a sub-nanosecond nitrogen-dye-Iaser light source. Measurements of the
shape and position of the cavities themselves were carried out from
enhanced shadowgraphs obtained by blocking out the reference beam of
the interferometer.
Since the maximum radii

Rn.

of cavitation bubbles generated by the

act ion of the 10-mJ neodymium laser in water were only of the order
of 1 mm, the cuvette Inside which the liquid was contained was made
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in the form of a cube with sides of 35 mm. This ensured that, when
created near the centre of the cuvette, the cavities were separated
by a large enough distance from the free and rigid boundaries so as
not to be greatly affected by their presence. The cuvette itself was
made simply from a piece of 5-mm-thlck U-shaped aluminium across
which a pair of I-mm-thick glass plates were carefully stuck using an
epoxy resin. In order that the path lengths of the test and reference
arms In the interferometer could be equalised, another simi lar and
well- matched cuvette was made in the same way. These containers were
then placed normal
focal

plane

of

to their respect Ive

the

final

focusing

interferometer arms at

lens

at

the

output

the

of

the

Ins t rument .
Since the experiments were performed at atmospheric pressure with a
water depth of only a few millimetres, a constant ambient pressure

p~

of 101.5 kPa was assumed throughout the following experimental work.
In addition, the ambient temperature

9~

of the deionised tap water,

which was first allowed to stand for at least 24 hours before being
used, was kept between 291 and 295 K. In this temperature range, the
sound speed

c~

in water was assumed to be 1480 ms-I,

the density

p~

of water was 998 kgm- 3 and the saturated vapour pressure Pv of water
was 2.6 kPa, only around one-fortieth of the ambient value of liquid
pressure. Due to refractive effects at the air-water Interface, the
full cone angle of the Incident YAG laser beam was reduced from its
normal value of 26' In air to only 20' In water. As a result,

the

minimum diameter of the beam was no doubt slightly greater than its
value in air of 40 pm and the average optical power density was less
than

25

GW cm- 2 .

It

was,

however,

sufficiently

great

to

cause

dielectric breakdown in the host liquid.
5.2.2. Emission of initial acoustic transient

Before considering in detai I the behaviour of osci I lat ing vapour
bubbles in water, a simple interferometric study of the properties of
the acoustic waves given out during the first rapid growth phase of
the cavity was performed (Ward 6. Enunony 1990a). Presented in figure
5.9 are a selection of Mach-Zehnder interferograms of the propagating
acoustic wave at various times after the initial laser pulse. In each
of these Images, for which right-hand fringe displacements correspond
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Interferograms of the acoust ic wave radiated during the

Initial expansion of a vapour cavity with a maximum radius RM. of 1.0
nun at times t of (a) 1.0, (b) 1.7, (c) 2.8, (d) 3.8, (e) 8.1 and (f)

17.6 p.s.

The shaded circles

indicate

the

relation between fringes

Inside and outside the propagation sphere. Horizontal bar - 1.0 nun.
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to Increases in pressure, the acoustic transient Is visualised as a
distinct pattern of fringe shifts while the vapour bubble may be seen
as a shadow at the centre of the propagation sphere. Furthermore, the
dark-fringe displacements wi thin the Ilmi ts of the wave are re lated
to the original fringe distribution as Indicated. The quality of the
Images decreases at greater temporal delays because of the off-axis
orientation of the dye-laser beam with respect to the final focusing
lens and the resulting decrease in effective aperture.
As a finite-amplitude spherical acoustic wave travels outwards in a
liquid from its point of emission, It may be reduced in amplitude via
both geometrical and absorptive mechanisms, the former of which is by
far the most important in water for the small radial distances r
which we are

interested. As the transient propagates outwards,

in
its

pressure is therefore attenuated according to a l/r law and the peak
fringe shift is reduced correspondingly. This effect Is clearly shown
In figures 5.9(a) and 5.9(f), for which rpo - 1.5 and 26.4 mm and for
which the maximum fringe shifts are factors of 3.0 and 0.6 times the
original fringe spacing, respectively. Using this simple idea, it is
possible to "link" fringes Inside and outside the propagation sphere
at times

t

<

5

~s

for which the maximum positive fringe shift exceeds

the original fringe spacing.
Directly from the Interferograms of figure 5.9,

it may clearly be

seen that the acoustic transient radiated from the expanding cavity
Is fairly symmetrical above and below Its emission centre, with good
reproducibility from shot to shot of the neodymium laser. After the
very short rise time of the leading edge, the pressure then decays
slowly towards a mimimum value. Furthermore, for temporal delays less
than about 4

~s,

during which time the cavity walls travel at a mean

speed of about 100 ms-', the pressure of the liquid in the immediate
vicinity of the bubble is appreciably higher than that of the more
remote liquid. Since the speed of the acoustic transient for measured
values of wave radius rpo between 0.5 and 30 mm is equal to the sound
speed

Coo

of water, then the wave front may be assumed not

to steepen

with time to give a shock wave with discontlnuitles in pressure and
temperature at any later stage in its propagation.
Inverted radial profiles Pao(r) of the pressure distribution in the
liquid above the bubble over a range of times after the impingement
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of the laser pulse are shown In figure 5.10(a). These wave profiles,
which were calculated from interferograms Including some of those of
figure 5.9, give a rise time

TpO

for the acoustic transient of about

40 ns and a full-width half-maximum duration of 180 ns. These values
are about a factor of three greater than those determined by Vogel cL
sI.

(1989) for bubbles with RM. -

3.5 mm,

the difference probably

arising from the more violent expansion of the larger cavities.

In

addItion, since the length of the acoustic pulse remains constant as
it propagates outwards,

It does not suffer from dispersive effects

and Its strength is reduced geometrically.
ThIs point is made more clearly In figure 5.10(b), where the peak
pressure of the radiated acoust Ic wave Ppo is plotted as a funct ion
of the reciprocal of the radial distance rpo at which it occurs. As
predicted from simple geometrical attenuation, Ppo is proportional to
l/rpo for the values of r considered In this work,

the normal ised

peak pressure.pporpo of the transient being given by the gradient of
the linear curve. The value of pporpo calculated by this method is
149 bar mm, sI ight Iy lower than that Inferred by Vogel et al. (1986)
in their transducer measurements on a 5-mJ neodymium-laser pulse in
water.

From figure 5.10(a) we see that the pressure P in the liquid near
the bubble wall at a time

t

of 1.0 ps is around 25 bar, a value still

much greater than the ambient pressure Poo of the liquid. By assuming
the pressure and temperature of the vapour on the other side of the
bubble wall to have the values P and 9 00 , we may therefore est Imate
the mass of the enclosed vapour knowing the average radius R of the
cavity at this point (R - 200 pm). Using the perfect-gas law, which
will obviously only yield very rough results, we find that the mass M
of vapour inside the cavity is 6 x 10-'0 kg and the density P is 20
kgm- a , one-fiftieth of the ambient value Poo for the liquid.
Taking a totally different approach on the other hand, the pressure
PMo and radius Rmo of the cavity directly after its creation may be

estimated from equations 5.4 and 5.5 of § 5.1.2. Using a laser-pulse
duration

TO

of 8 ns and a plasma energy Eo' of 2.3 mJ - a value equal

to half the incident laser energy Eo - we obtain PMo
Rmo

==

==

95 kbar and

25 pm. Assuming now an adiabatic expansion of the contents of

the bubble (r - 1.26), the pressure P of the vapour at R - 200 pm is
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Peak pressures Ppo obtained from these profi les

as a function of I/rpo '
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equal to 37 bar, greater than the value measured above, but of the
same order. The difference between the two values of P may partly be
explained with reference to the assumption of the contents to be a
perfect adiabatic gas, partly from the Imprecise nature of equations
5.4 and 5.5, and partly from the fact that the calculations of PaD in
figure 5.10(a) were terminated some distance from the bubble wall.
Now, the energy dEs associated with a spherical acoustic transient
may be calculated using a modified form of equation 5.14, in which a
spatial pressure profile ps(r) replaces a temporal profile Pa(t). If
we assume the sound speed Coo In the liquid to remain constant across
the acoustic wave, then

dEa - 4~rp: [rb Pa 2 (r)dr,
PaPoo

(5.17)

ra

where the acoustic-wave pressure Pa(r) Is the difference between the
absolute pressure p(r) in the liquid and the ambient pressure Poo. The
radial distances ra and rb respect ively define the inner and outer
points at which appreciable changes In pressure ps(r) occur such that
ra < rp < rb'
Using equation 5.17, the energy dEaD of the acoustic wave emitted
during the first

expansion of the vapour bubble may be calculated

direct Iy from the pressure profiles Pao(r)

of figure 5.10(a)

from

which the corresponding values of rpo are readily obtainable. This
gives a mean value for dEaD of 320 p.J with a standard deviation of
the ten samples of 40 p.J. Since the total energy Eo of the radiation
incident upon the liquid Is 4.6 mJ, then the fraction of this energy
converted directly to changes in pressure within the liquid is 7

!

I

%. The remainder of the energy was therefore either not absorbed by

the water in the first place or was converted to potential energy of
the vapour Inside the bubble.

5.2.3. Variation in bubble collapse time
When the energy Eo of the incident focused laser beam is varied for
values above the threshold for dielectric breakdown, then the amount
of energy absorbed by the resulting plasma should change giving rise
to a corresponding variation in the potential energy of the generated
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vapour bubble. Referring to equation 5.2 and figure S.6(a), a measure
of this potential energy may be obtained by determining the duration

To, of the first cycle of radial oscillation of the cavity. Indeed,
this procedure may be extended to the nth cycle of oscillation whose
duration Ton gives the potential energy Epn of the vapour bubble at a
time 'n' Using a simplified version of equation 5.12,

the potential

energy Epn of the cavity at 'n Is given by

(5.18)
a relation first

used with laser-generated bubbles by Vogel

et al.

(1986,1989). This equat Ion shows the maximum potent ial energy of a
bubble in a particular cycle of oscillation to be proportional to the
maximum volume of the bubble in that cycle and also to the pressure
difference between the surrounding liquid and

the enclosed vapour.

Using equation 5.2, which was shown in § 5.1.2 to be of sufficient
precision when appl ied to subsequent collapse cycles, we

therefore

obtain

(5.19)
where the collapse time Tcn during the nth cycle

is half the total

duration Ton of that cycle.
Experiments were therefore carried out to determine the variat ion
of Ton and Epn with Eo for neodymium-laser-produced cavities in water
at a moderate distance from a solid boundary. These measurements were
taken using a shadowgraphic optical arrangement so that the points of
bubble collapse could easily be determined. Results obtained via this
simple method are presented in figure S.l1(a).

Using the laser with

for which the energy Eo

an optimum pump voltage of 850 V,

incident

upon the liqUid was 4.6 mJ, the first and second collapse times, Tc ,
and T c2 ' were 98 and 65 p.s, respectively. Using equations 5.15 and

5.16, this yielded a damping factor
0.66, greater than that
bubbles in a

0,

for the first rebound phase of

found by Hentschel & Lauterborn (1982)

for

large expanse of liquid. The difference between these

two values may be attributed to the more aspherical
the vapour cavity in our case due

to

rigid surface.
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Figure 5.11(b) shows the variations In potential energy, EPl and
Ep ,' of the Initial and rebounding vapour bubble as functions of ·the

Incident laser energy Eo' For the range of energies 1 mJ < Eo < 6 mJ,
the bubble energy Increased fairly linearly with about 11 'l\ of the
Incident energy being converted to energy of the vapour of which 30 'l\
survived the first bubble collapse. For an Incident energy Eo of 5
mJ, therefore, around which value the laser was usually operated in
the subsequent work,

the maximum radius RMl of the bubble was just

over a millimetre giving a maximum potential energy EPl of about a
half a mlllljoule.
5.3. Bubble oscillation near a free surface
5.3.1. Cavitation-bubble dynamics
After characterising the

initial expansion of the

laser-Induced

vapour bubbles,

the first

interferometric study of the dynamics of

the cavities at

later stages during their lifetime was carried out

near a free air-water Interface (Ward & Emmony 1990b). As described
In § 5.1, the nature of the radial oscillations In this situation are
strongly dependent upon the maximum radius RMl of the cavity and the
distance s between the original planar free surface and the point of
bubble format ion. It

is therefore convenient to use a dimensionless

cavity-surface separation

~

defined in the theoretical work of Blake

& Glbson (1981) as
(5.20)
Furthermore, as described by Blake et al. (1987), when gravitational
effects are not negligible,

It Is also useful to introduce a second

parameter 0 which describes the buoyancy of the vapour cavity. This
is given by
(5.21)
where g (- 9.81 ms-') Is the acceleration due to gravity. The plus or
minus sign describes the direction of action of the buoyancy forces
with respect to that of the bubble-boundary forces.
Mach-Zehnder interferograms of vapour bubbles with RMl = 1.2 mm, 0
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-

0.12 and for which -y -

4.8,

3.2, 2.2 and 1.3 are presented in

figures 5.12 to 5.15, respectively. For each set of pictures, those
labelled (a),

(c) and (e) show the cavity around Its maximum radi i

RM .. RM2 and RM"

while those

labelled (b).

(d) and (f) show the

cavity just after its minimum radii Rm1 , Rm2 and Rm,. In figures 5.14
and 5.15, the lower edge of the meniscus at the surface of the liquid
Is visualised as a dark horizontal band at the top of each picture.
As may be observed directly from these
TOl

interferograms,

the durations

of the initial cycles of oscillation decrease slightly below the

value expected from Rayleigh's original analysis for smaller values
of -y. Indeed, whereas the collapse velocity RM1/Tcl is very close to
10.9 ms-I for -y

>

2.2, Its value Is 12.4 ms- 1 when -y - 1.3.

After its creation, the bubble most remote from the free surface (-y
4.8) expands to a spherical form with a maximum radius RMl of 1.2
mm at which point the pressure of its contents is equal to the s.v.p.
Pv of the surrounding water (figure 5.12(a». As predicted by Blake
.eL al.

(1987) and observed by other experimental workers, the vapour

bubble then collapses aspherlcally giving a torold-shaped cavi ty, a
shadowgraphlc side-view of which unfortunately fails to show (b). On
rebound, a weak acoustic wave - shown most clearly In the top-lefthand corner of (b) -

Is radiated from a point above the upper wall of

the remaining bubble. After a short delay of about 200 ns, a stronger
compressional pulse centred on the upper bubble wall is given out and
a localised region of compressed liquid develops Immediately beneath
the cavity. This high-pressure region, which Is clearly shown in (b)
as a greater fringe shift below the cavity than above, occurs due to
the formation of a downwardly-pointing high-speed jet of liquid after
the penetrat Ion of the

lower cavity wall

by the

water above it (see figure 5.5). Furthermore,

inwardly-rushing

it seems probable that

the weak and strong acoust ie transients respect ively arise direct Iy

from the impingement of the upper bubble wall onto the lower and the
slightly delayed re-expansion of the remaining annular cavity.
As the bubble increases in size towards its maximum rebound radius

RM2 (c) it apparently regains a roughly spherical form and attains a
downwards translational motion. At this stage, the pressure in the
liquid around the cavity is nearly constant apart from a 2S0-pm area
of rarefied liquid above the upper bubble wall. This effect could be
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either due to a continuous flow of liquid through a channel down the
centre of the bubble or simply to the downwards acceleration of the
whole body of the cavity. In addition, the compressional wave emitted
70

~s

earlier, having suffered respective phase changes of

T

and 0 on

reflect Ion at the upper free surface and lower edge of the cuvet te,
appears as a very weak rarefactional wave In the lower half of (c).
After achieving a second minimum radius Rm2 (d), the vapour bubble
grows yet again giving rise to a less Intense main compressional wave
ahead of which several extremely weak acoustic pulses are produced.
Moreover, the liquid beneath the cavity Is more compressed than that
above It, although there Is no sharp Increase In pressure across the
width of bubble as observed during the previous collapse phase. The
final cycle of oscillation (e), which Is accompanied by a protrusion
of the lower bubble wall from a continued downward flow of water in
the bubble, is followed by the fourth and final radiation of an even
weaker acoustic transient centred on the cavity. By this stage, the
translational motion of the cavity has been reduced to a very small
value and the pressure

Is equal

above and below the body of the

bubble.
When the inlt lal distance between the cavity and the free surface
Is reduced such that 'Y - 3.2 (figure 5.13(a», then the profi le and
strength of the acoust ic wave given out during the first

collapse

phase (b) Is similar, but the change In pressure associated with the
liquid jet is Significantly greater. As the bubble re-expands,

this

causes a much larger protrusion in the lower wall of the cavity and a
greater localised drop In pressure at its upper edge (c). The second
collapse phase (d),

throughout which the vapour bubble assumes the

shape of a disc, does not result In the formation of another liquid
jet, but rather of two acoust Ic transients centred on the middle of
the cavity with a temporal separation of about 350 ns. In the final
expansion of the cavity (e), there is no characteristic protrusion of
the lower bubble wall, although there may be a vertical channel
which liquid continues to flow.
the osclllat Ing cavity (f>

in

The fourth transient radiated from

is once again, as expected, of very low

amplitude.
When generated even closer to the free surface for which 'Y -

2.2

(figure 5.14(a», the cavltat Ion bubble radiates two closely-spaced
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acoustic waves during Its first collapse phase (b).

In addition, a

liquid jet Is also formed, but It appears not to be so powerful as
that for

~

- 3.2. Nevertheless, during the subsequent rebound phase

(c). a very large downwards-pointing protrusion is produced in the
lower bubble wall and a small drop In pressure Is observed above the
body of vapour. Around the second collapse (d),
jet Is formed,

for which no liquid

the previously-seen disc-shaped cavl ty seems to have

another body of vapour attached to it which is probably a remnant of
the distorted lower part of the fully-grown rebound bubble. The last
complete cycle of radial oscillation Is similar to that for

~

- 3.2

for which the cavity probably assumes a toroldal form (e,f).
For the smallest bubble-surface separation looked at in this work
(~-

1.3, figure 5.15(a», the bubble expands to a slightly greater

radius towards the free surface as predicted by Blake et al. (1987)
for a buoyant cavity with 6 -

0.2. This yields a slightly greater

effect Ive maximum radius RM, and a correspondingly greater collapse
velocity. As the bubble achieves a first minimum radius Rm" it emits
a rather complicated acoustic transient comprising both compressional
and rarefactional components, each of which are reversed in polarity
upon reflection at the air-water Interface (b). The cavity itself at
this point Is made up of an upper apparently disc-shaped part, down
through which a body of vapour appears to have been directed. Despite
this fact, there Is no Increase In pressure In the region beneath the
cavity suggesting the resulting jet of liquid not to have been strong
enough to penetrate the lower bubble wall. In the course of the next
rebound phase (c), a large protrusion appears In the lower wall but
the pressure remains around Its ambient value between the bubble and
the free surface. This probably means that there Is no significant
downwards flow of liquid from the region above the upper bubble wall
at this stage. As the bubble then collapses for a second time (d), it
breaks into a globular lower part and a small flattened upper part,
which respectively radiate relatively strong and weak compressional
acoustic waves with a temporal separation of around 700 ns.

During

the final cycle of oscillation (e,f), these two portions coalesce and
re-divide, yielding a further pair of very weak acoustic waves with a
delay between them of 500 ns.
Figure 5.16 shows the variation In vertical distance y between the
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centres of the four previously-described vapour bubbles and the free
surface as a function of time t. From the first to the third coilapse
phase In each case, the bubbie migrates towards the free surface with
an average speed between 3.9 ms-' when

y -

4.8 to 7.3 ms-' when

r -

1.3. As expected from a simple consideration of the effect of the socalled Kelvin impulse (Blake et al. 1986,1987), the "attraction" of
the free surface for the vapour bubble is therefore greater when the
separation between them is less.

5.3.2. Acoustic-wave profiles and energies
Pressure profiles of the acoustic waves emitted during the first,
second and third rebounds of cavitation bubbles in the vicinity of a
free air-water Interface are presented in figure 5.17. Because of the
migration of the cavities down the interferograms of figures 5.12 to

5.15, Pa, (r) was measured beneath the bubble while Pa2(r) and Pa,(r)
were each measured above the bubble. DI rect Iy from these curves,

It

is clear that the peak amplitudes of the waves decrease from collapse
to collapse for all four values of y.

It

is also evident that the

structures of the waves are much more complicated than those emitted
during the first expansion of the laser-generated bubbles (see figure
5.10). Indeed, as predicted by Fujlkawa & Akamatsu (1980) in the case
of spherical collapse, the sharp pressure increases associated with
the leading edges of the waves themselves are always preceded by a
region in which the pressure grows much more slowly. For the first
collapses ps,(r), for example, the total rise times

T p'

of the waves

varied up to a maximum of about 1 ps of which about one-third was
occupied by the sharp leading edges.
From a basic consideration of the Rayleigh relation (equation 5.2),
which connects the radius

Rn

of a spherical void in a liquid to Its

collapse time T c ' expressions similar to equation 5.19 may be derived
for the energy changes experienced by a vapour bubble during Its nth

<

< t n+,).

The reductions aEpn and aE in
in the potential and internal energy of the cavity In this period are

collapse phase (i.e. for tn

t

thus respectively given from equations 5.12-and 5.13 to be

aEpn - 5.474 (p~ - PV)S/2 Tcn'
p~'/2

(5.22)
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~Ejn

- 5.474 [Pm - P]3/'P
V
V Ten 3 [[Tc,n+]-3('Y-')
1
'Y - 1
Pm
Tcn

-

(5.23)

since the pressure Pmn of the enclosed vapour at R - RMn is equal to
the s.v.p. Pv of the host liquid. Furthermore, given that the energy
~Esn emitted during the nth bubble rebound may be calculated from the
radial profile Pan(r) using equation 5.17, we may extend the energybalance relation (equation 5.11) between tn and t n+, to yield

(5.24)
where
and

~Ekn

~Eun

is the change In kinetic energy of the surrounding liquid

Is the energy lost from the vapour bubble by unaccounted-for

mechanisms in this period of time. We may therefore determine values
for

~Ekn+~Eun

already knowing the values of all three variables on

the right-hand side of the equation.
Using this procedure, calculations of vapour-bubble energy for n 1 to 3 were performed for the four values of 'Y described previously
with respect to the free surface. These, together with values of Tcn ,
on and the normalised peak pressures Ppnrpn of the radiated acoustic
waves, are presented In table 5.1. From these results, it may be seen
that, as expected, the cavities generated farthest from the interface
are damped most effectively,

decreasing with 'Y and

0,

~Ep,

increasing

wlth'Y ('Y> 1.3). Nevertheless, in spite of the slight rise In pp,r p '
wi th 'Y, it seems to be the unmeasurable mechanisms, ~Ek' and ~Eu,'
which make up most of the greater loss in potential energy at larger
bubble-surface distances around the first collapse phase. At 'Y - 1.3,
for example,

~Ek,+~Eu,

is only about one-tenth of

4.8 the fractional value is 61

~.

proportion of potential energy

~Ep,

~Ep,'

while at 'Y -

For n - 2, on the other hand, the
lost through unknown mechanisms

remains fairly constant at between 50 and 60

~,

while for n - 3 the

proportion actually decreases with increasing 'Y.
For vapour bubbles close to a rigid boundary, in contrast,
recently been shown that

it has

the emission of acoustic waves during the

first collapse phase becomes the dominant mechanism of damping for 'Y

>2

(Vogel et si. 1989). For 'Y

~

1.3, in particular, only around 10
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n

Tcn

C<n

[Its]

Ppnrpn Epn
[bar nun] [ltJ]

tlEpn

tlE;n

tlEan ' tlEkn+tlEun

[ltJ]

[ltJ]

[ltJ]

[ltJ]

4.8

1

113

0.60

137

771

603

38

196

369

4.8

2

68

0.63

68

168

126

7

53

66

4.8

3

43

45

42

42

0

28

14

3.2

1.

111

0.71

114

730

467

22

195

250

3.2

2

79

0.52

88

263

226

18

82

126

3.2

3

41

26

37

37

0

16

21

2.2

1

104

0.81

118

601

284

11

135

138

2.2

2

84

0.55

93

317

265

19

109

137

2.2

3

46

25

52

52

0

7

45

1.3

1

98

0.82

99

503

230

9

196

25

1.3

2

80

0.63

69

273

206

12

66

128

1.3

3

50

30

67

67

0

9

58

TABLE 5.1. Measured parameters for the oscillations of vapour bubbles
near a free surface for RM, - 1.2 nun and 6 - 0.12.

-y

n

Tcn

C<n

[Its]

00

1

98

00

2

30

2.4

1

98

2.4

2

80

2.4

3

28

0.31

Ppnrpn Epn
[bar nun] [ltJ]

tlEpn

tlE;n

tlEan IlEkn+tlEun

[ltJ]

[ltJ]

[ltJ]

[ltJ]

214

503

489

77

370

42

21

14

14

0

14

0

0.82

108

503

230

9

140

81

0.35

51

273

261

35

38

188

13

12

12

0

2

10

TABLE 5.2. Measured parameters for the oscillations of vapour bubbles
in a large expanse of liquid (-y ~ (0) and near a rigid boundary (-y _
2.4) for RM, ~ 1 nun and 6 ~ 0.1.
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of the total loss In potential energy dEp ' Is radiated as a spherical
acoust Ic transient. It Is therefore clear that, despl te the apparent
similarities between the two situations, the behaviour of the bubble
near a free surface Is very different, a larger proportion of energy
being often manifested as kinetic or thermal energy of the liquid.

S.4. Bubble oscillation In a large expanse of liquid
5.4.1. Detailed cavitation-bubble dynamics
Due to Its perfectly spherical symmetry, the most straightforward
theoret Ical

Instance of the osclllat Ions of a single vapour bubble

occurs when the host liquid, upon which no gravitational forces act,
is of an infinite uniform extent. Although these conditions may. never
In practice be realised, the asymmetrical forces may be reduced to a
minimum by forming the cavity at large distances from the rigid and
free boundaries Inside which the liquid is contained.
(Ward & Emmony 1991), cavities with maximum radii
~

Rn,

In this work
of 1.1 mm with

> 12 were produced by the action of a 4.6-mJ focused pulse of laser

radiation In water. Corresponding sequences of enhanced shadowgraphs
and Mach-Zehnder interferograms of the bubble and the nearby liquid
are presented In figure 5.18. As may be clearly observed from these
pictures, the vapour bubble undergoes three complete cycles of radial
oscillation In the 300 ps following Its creation after which time it
achieves a stable equilibrium state.
As directly measured from shadowgraphs Including some of those of
figure 5.18, the outermost positions of the cavity walls are plotted
In figure 5.19 In comparision with their original point of formation
and In figure 5.20 as a function of time. From these graphs, a slight
downwards migration of the cavity is evident at the end of the first
cycle of oscillation giving an average translational velocity of 3.0
ms-' during the two subsequent low-energy rebound phases. This effect
and the simultaneous deformation of the bubble from a spherical shape
may be explained using the theoretical work of Blake et al.

(1986,

1987) who considered the joint effect of rigid and free surfaces with
buoyancy on the shape of bubbles during the first contraction phase.
For vapour bubbles with a buoyancy factor 6 of 0.16, for example, the
workers predicted a deformation prior to collapse yielding an ovoidal
cavity with Its major axis normal to a horizontal solid surface at
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_ 2. Using the definition of Vogel et al. (1989), the elongation

f

of

the bubble at this stage may be expressed as
(5.25)
where Rhor Is the horizontal cavity "radius" at maximum elongat ion
and h Is the distance between the level of Rhor and the upper wall.
The value of

f

obtained from the calculat Ions of Blake et al. (1986)

In their case Is therefore about 1.33. For the laser-generated cavity
created in this experimental work, on the other hand, for which 6 0.12 (equation 5.21) and

~

> 12, we have

f

= 1.78 (figure 5.18(m».

Instead of a single rigid boundary, however, there are now a total of
six interfaces including a free surface all around the cavity.
During the first lOO ns after the incidence of the 8-ns infrared
laser pulse In the I iquid (figure 5.18(a», the walls of the cavi ty
move rapidly outwards as the high-temperature water vapour enclosed
within them expands. Due to the greater absorption of laser energy at
the upper edge of the plasma, however, the bubble Is generated in the
form of an ovoid which expands at an average rate of 1700 ms- 1 back
towards the radiation source. This corresponds to a Mach number Mo of
about 1.2 compared to an Initial calculated value of 2.1 at the end
of the laser pulse (equat ion 5.6). The resul tant supersonic radial
motion of the surrounding liquid is manifested as a single spherical
acoust Ic wave which separates from the bubble wal Is between 100 and
200 ns after the initial laser pulse (b) and which travels outwards
at the sound speed

c~

of water, i.e. 1480 ms- 1 (c,d). As the bubble

expands further and the pressure of Its contents decreases, the rate
of outwards motion is reduced (e) and the bubble approaches a uniform
spherical shape. Furthermore, as shown in Interferogram (e), a sharp
drop In pressure develops in a

50-~m-thick

layer of liquid adjacent

to which the water vapour is contained. The width of this effective
boundary layer Is much less than might be expected from the theory of
Fujikawa

& Akamatsu (1980, figure 5.2) which would probably be of the

order of 500

~m.

At t - 20

~s

(f),

the acoustic transient given out

during the early growth of the vapour bubble, having been reflected
at the upper free surface for which

~

= 15,

appears across the centre

of the field of view as a single rarefactional wave. As this region
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of low pressure passes the continuously-expanding cavity, It causes a
slight flattening of the bubble from Its near-perfect spherical shape
and sometimes the formation of a very small protuberance in the upper
wall. As the cavity continues to grow (g), this "swelling" may become
parted from the the main body of vapour producing small bubbles which
migrate away into the liquid. The compressional acoustic waves which
crisscross the field of view at this point, after being reflected at
the solid edges of the cuvette, do not cause any further appreciable
change In shape of the vapour bubble. It Is notlcable, however, that
the background fringes on interferogram (g) are beginning to deviate
from their original straight form due to Irregular changes in density
In the surrounding liquid. These density changes, which are no doubt
thermal rather than compressional

in nature,

probably arise from a

transfer of heat from the enclosed vapour across the cavity walls.
As the cavitation bubble approaches Its first maximum radius Rn,
(h,i),

it reverts to a spherical form and the unstructured changes in

density In the surrounding liquid reach their greatest magnitude. At
t

-

90

~s

(), where R = Rn"

however, the thickness of the boundary

layer around the cavity Is still about 50

~m

or only Rn,/20. Since

the vapour pressure Pm, within the fully-expanded cavity is much less
than the ambient pressure Pro of the liquid at this stage, the bubble
begins to contract (k,l), the small asymmetrical forces arising from
the cuvette walls and gravity slowly causing an elongation of the
remaining body of vapour. Just before the end of the first collapse
phase (m), for which

TCl

-

98

~s,

the pressure of the liquid in the

region previously occupied by the fully-grown cavity rises well above
the ambient level giving a localised "hump" of high pressure centred
on the contracting bubble. This Is the well-known effect quantified
first by Rayleigh In 1917 for a spherical void In an Incompressible
liquid.

=

On attaining a minimum size where Rm,
110 ~m, the bubble radiates
two or three spherical acoustic transients with temporal separations
of about 80 ns. Since the first compressional component of the wave
is centred on a point close to the upper wall of the bubble (n) while
the subsequent ones are centred on points nearer the lower wall (0),
they are all superimposed In space at their lower edges but maintain
a constant separation at their upper edges. Each transient propagates

221

outwards at the sound speed Coo in water (p,q) with a relatively long
rise time compared to those emitted during the first expansion. After
the vapour bubble has begun to re-expand In a vertical direction (0),
Its horizontal diameter continues to decrease for another microsecond
or so (p) yielding two bubble parts which grow fairly independently
of one another (q,r).

In the course of the low-energy rebound phase,

which Is characterised by a maximum radius RM. of around 270

~m

(s),

the Irregular temperature fluctuations In the surrounding liquid are
further Increased while the upper portion of the cavity disintegrates
into microbubbles which disperse In the region above the bubble (t).
After reaching a minimum radius of Rm. of about 30

~m,

a value much

less than that achieved during the first collapse phase, the rest of
the cavity expands for a third and final time with the emission of a
very weak acoustic wave

This wave, which also propagates at

(u,v,~).

a speed coo, comprises a single compressional pulse with an amplitude
scarcely greater than the near-plane remnants of the transients given
out 60

~s

earlier around R - Rml

•

During the following cavity growth

(x), the main body of liquid cont Inues to migrate downwards wi th a
speed of about 3.0 ms-I, but several smaller bubble parts break away
and are scattered throughout the surrounding I iquid. After another 20
~s

or so, the remaining cavity, from which the original water vapour

has probably now been removed, reaches an equilibrium condition of a
small spherical body with a radius Re of 100

~m

and a non-condensable

gas pressure Pe of 16 bar (y). This bubble, which presumably contains
mainly air which had previously been dissolved In the water, remains
stationary in the liquid at a point 500

~m

beneath the focal point of

the laser beam for at least another millisecond (z,A,B) before slowly
rising to the free surface at a rate of 30 mms- I . In addi t ion to the
random fluctations In temperature of the liquid for delays of between
280 and 450

~s,

there also develops a cyclical change in density in

the liquid as Indicated by the changing gradient of the interference
fringes for these vaiues of t. This regular density variation, which
seems linear with depth of liquid and thermal in origin, exhibits a
period of osci llat ion of 330

~s

and once again lasts for at least a

further millisecond. Assuming a constant density of liquid along the
thickness of the cuvette, we find a possibl. temperature variation of
about 0.1 K between the top and bottom of the field of view in (A) or
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(B), for example.

5.4.2. Variation in pressure around the cavity
Discrete radial profi les Pan(r) of the pressure variat ions in the
water around the vapour cavity during the initial expansion phase (n
- 0) and the first and second collapse phases (n - I and 2) are given
in figure 5.21. In these three diagrams, positive values of Pan and r
respectively represent compressional increases in pressure and points
above the bubble and vice versa.

In addition, where appropriate, the

shaded data points describe the pressure distribution when the bubble
is stilI contracting; open data points describe the emission of waves
during the following expansion phase.
Figure 5.21(a) shows the compressional acoustic pulse emitted by
the expanding vapour bubble shortly after its formation. The curves,
which were obtained direct Iy from figures 5.18(c) and (d),

show the

wave at radii. rpo of 1.4 and 3.0 mm, respectively. The main feature
of the transient is a compressional pulse with a normalised amplitude

pporpo of 170 bar mm and a rise time TpO of around 40 ns whose point
of emission is coincident with the centre of the initial cavity. A
much weaker pulse, probably generated as a result of the passage of
the main high-pressure ultrasonic pulse,
150

~m

is given out from a point

beneath the cavity centre after a delay of about 100 ns. The

two pulses are therefore superimposed upon one another at the lower
edges, while a constant

300-~m

gap exists between them at the upper.

As a consequence, the peak pressure of the full acoustic wave which
propagates away from the laser source is slightly greater than that
which travels back towards It.

Indeed, the lower pressure ampl itude

is a factor of 1.2 larger than the upper value.
As the newly-formed cavitation bubble expands and the pressure of
the enclosed vapour is reduced, the pressure of the I iquld direct Iy
adjacent to the cavity wall drops off quickly. Between
2.0

~s,

-

1.0 and

~m

and the

t

where the average bubble radii Rare 200 and 280

pressures P at the bubble wall are 34 and 12 bar, respectively, the
temperature

a

of the enclosed vapour remains effectively constant and

the expansion Is isothermal. Assuming, as a first approximation, the
rapid expansion of the oavity during acoustic emission also to be
isothermal, then the cavity-wall pressure P Is 130 bar at
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and R -

130 pm (figure 5.1S{a».

This value of P Is

likely to be

considerably less than the actual vapour pressure of the contents at
this stage because of the very high temperatures which exist directly
after the rapid vaporisation of the liquid (see § 5.2.2). Assuming,
on the other hand, an Isothermal expansion of the enclosed vapour for
larger values of t, we obtain a minimum pressure Pm, of the contents
of the bubble of 220 mbar at R - RM,' Having In this case neglected
the effects of condensation of vapour across the cavity wal1,
extrapolated value of Pm,

this

is presumably much larger than the actual

value Pv , the s.v.p. of water (I.e. 26 mbar).
Radial pressure profiles ps,{r) around the cavity during its first
collapse phase for which t

= 195

~s

are presented in figure 5.21{b).

The first pair of profiles, which were calculated directly from the
Interferograms of figures 5.1S{m) and (n),

describe the symmetrical

build-up In pressure near the bubble walls before R - Rm" while the
second pair, derived from figures 5.1S{p) and (q), show the emission
of a spherical acoustic wave at R> Rm, for r - 1.7 and 2.5 mm. The
average amplitude pp,r p ' of the compressional transient In this case

p ' Is 4S0 ns. In common with
the wave radiated short Iy after the vaporlsat Ion of the liquid, the
Is 214 bar mm and its total rise time

lower front

T

Is made up of a single compressional pulse and the upper

front consists of a main pulse with one or two subsidiary pulses. The
primary acoust Ic pulse Is centred on a point near the upper surface
of the collapsed bubble and the weaker secondary pulses emanate from
a spot about 120 pm below, close to the centre of the re-expanding
cavity. The, temporal separation of the primary and secondary pulses
Is about SO ns, much longer than the durat Ion of the 1nl t lal

laser-

induced plasma.
As clearly evident from the pressure profiles of figure 5.21{b),
the peak pressure associated with
away from the

the

compressional

wave

radiated

Infrared source In the first collapse Is a factor of

about 1.5 times greater than that given out

in the other direction.

This large difference Is probabaly due to the Imperfect overlapping
of the primary and secondary acoust Ic pulses at
the propagation sphere -

the upper front

of

an effect which, as preViously described,

arises from the aspherlcal forces arising from gravi ty and the free
and rigid surfaces. Moreover,

whilst
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the

leading edge of the main

acoustic transient emitted during the

Initial expansion rises very

steeply from the ambient pressure, that given out during the first
rebound phase Is,

as expected,

preceded by a region In which the

pressure Increases relatively slowly. At r -

1.7 mm, for

instance,

the wave reaches one-fifth of Its maximum pressure after 440 ns and
climbs the remaining four-fifths

In only 40 ns.

In conclusion, the

general shape of the acoustic transient is similar to that produced
during the Initial expansion, but the profile Is superimposed on the
hump of compressed liquid formed during the collapse phase.
Due to the very sharp drop In pressure behind the large-amplitude
leading edge of the radiated acoustic wave, the liquid In the close
vicinity of the cavity walls suffers a slight rarefaction during the
first moments of bubble rebound (flgures5.18(q) and 5.21(b». Since
the enclosed vapour cannot sustain negative pressures, however,

the

liquid directly adjacent to the cavity must be at a somewhat higher
pressure than this. At r - 1.7 mm the pressure of the lower acoustic
pulse falls back down to the ambient va'lue from a maximum value of
170 bar In only 240 ns; this Is one-half of the total rise time of
the leading edge at this point. Furthermore, In the next 100 ns, the
absolute pressure cont Inues to decrease a further 7 bar after which
time It gradually returns to the ambient value. As the wave travels
outwards to a point where r - 2.5 mm, the dilatational pressures in a
250-pm-thlck region around the bubble reach a maximum negative value
of -17 bar. This effect may be explained with reference to the small
rebound radius RM2 of the oscillating cavity, which only causes a
small displacement of the surrounding liquid Immediately after the
first collapse.
Figure 5.21(c) shows a pair of pressure profiles Pa2(r) of the very
weak acoustic wave generated during the second collapse of the vapour
bubble where

t

= 255

ps. The first profile, for which r - 1.0 mm, Is

derived from the Interferogram of figure 5.18(u); the second, where r
- 2.4 mm, Is derived from figure 5.18(v). The rise time

TpO

and peak

normalised pressure PP2rP2 of the transient, which comprises a single
short compressional pulse, are 60 ns and 21 bar mm, respectively. The
strength of the wave given out during the second bubble rebound Is
therefore about a factor of ten less than that of the wave emitted
during the first rebound and equation 5.10 is valid. Since the fringe
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shifts arising from the "old" near-plane waves on the Interferograms
are comparable In magnitude to those of the recently-formed spherical
wave,

however,

the accuracy of the

inversion procedure from which

Pa2(r) Is obtained Is significantly reduced for smaller values of r
on figure 5.21(c).

5.4.3. Energy conservation and damping mechanisms
Presented In table 5.2 are Important parameters which describe the
radial oscillations of the vapour bubble for

~ ~ m

as calculated from

equat Ions 5.17, 5.19 and 5.22 to 5.24. In addlt Ion, the energy dEao
of the acoustic wave given out during the first expansion was found
to be 380 pJ from figure 5.21(a). This yields a mechanical effiCiency

(Ep,+dEao)/E o of the incident laser pulse of about one-fifth, around
twice that observed by Vogel et al. (1986) In a saline solution with
a Q-switched neodymium laser under similar conditions. The difference
between these two measured values may possibly be attributed to the
smaller cone angle of the Incident Infrared laser beam In the work of
Vogel et al., which would yield a lower optical power density at the
focal point and a correspondingly less Intense plasma.
Considering the first collapse phase, which Is very well damped (a,

0.31), the initial potential energy (P.E.) of the cavity Is reduced
by over 97 % of which, In good agreement with the results of Vogel et

al. (1989), about three-quarters may be ascribed to the radiation of
a strong compressional acoustic wave. Moreover, another one-tenth of

the total loss In P.E. dE p , Is directly transferred to the liquid as
kinetic energy dEk, or as thermal energy dEu ,' In summary, therefore,
the emission of a single finite-amplitude spherical acoustic wave Is
by far the most Important mechanism of energy dissipation during the
first symmetrical contraction and rebound of a vapour cavity.
At the end of the second low-energy cycle of oscillation, most - If
not all - of the remaining P.E. EP2 of the cavitation bubble Is lost
to the surroundings as a very weak spherical acoustic transient. The
energy dEa , associated with this wave - about 14 pJ - Is less than 4
% of the acoustic energy dEa , radiated during the first collapse. As
a consequence, the diffusion of heat across the walls of the cavity
and other mechanisms play only a very minor role In the dissipation
of energy from a symmetrically-oscillating vapour bubble.
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5.5. Bubble oscillation near a rigid boundary
5.5.1. Detailed cavitation-bubble dynamics
When formed In the close vicinity of a rigid boundary, the radial
oscillations of a laser-generated vapour cavity will be significantly
modified from the relatively symmetrical

large--y situation observed

In the previous section. Although gravitational forces may stilI play
a part in determining the shape of an Initially spherical cavitation
bubble, the effects arising from the presence of the boundary will be
by far the most Important when the bubble Is reasonably small (RMl
1 mm,

~

~

~

0.1). For the work described below, therefore, a block of

perspex (I.e. poly-methyl-methacrylate or PMMA) with dimensions of 25
x 25 x 19 mm was introduced Into the cuvette of de-Ionised tap water
and vapour bubbles were created at various distances above its upper
horizontal surface (Ward & Emmony 1991). The blocks themselves were
slowly milled from a half-Inch cast sheet of the transparent plastic
material using a liquid-cooled mechanical lathe before being polished
where necessary using an abrasive solution.
Figure 5.22 shows a sequence of shadowgraphs and Interferograms of
a cavitation bubble with RMl - 1.0 mm and

~

- 2.4 starting at

t

-

t,

In which the perspex boundary Is clearly visible at the lower edge of
the field of view. The vapour cavity undergoes three energetic cycles
of oscillation before breaking up into a cloud of mlcrobubbles about
half a millisecond after the Incidence of the Infrared pulse Into the
liquid. In addition, figure 5.23 shows the shape and position of the
outline of the bubble with respect to its Initial point of formation,
while the positions of the cavity walls are plotted In figure 5.24 as
a function of time. In this diagram, the point of formation is given
as x - y - 0 and the boundary is positioned at y - -2.4 mm.
The first growth phase of the bubble near the solid boundary is, as
predicted by Blake et al. (1986), very similar to that seen In § 5.4
for

~ ~

00

in which the cavity maintains a fairly spherical form with

a slightly flattened upper edge (figure 5.22(a».

Furthermore,

the

liquid around the cavity has not suffered any significant change In
pressure or temperature for R

~

RMl

(a)

except for the thin layer at

the wall of the bubble where the pressure drops off sharply. As the
vapour bubble contracts to point where t
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FIGURE 5.22. Shadowgraphs and interferograms of a vapour cavity with
RMl -

1.0 mm and y - 2.4 at t

(m) 340, (n) 350 and (0) 353
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411 and (w) 450

~s.

FIGURE 5.23. Wall positions for a vapour cavity with RM• - 1.0 mm and
i' -

2.4 during (a)

the first

rebound,

the initial growth,
(d)

(b)

the second collapse,

and (f) the third collapse.
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the first collapse,
(e)

(c)

the second rebound
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to the first minimum radius Rm,), then the upper walls begin to move
asymmetrically Inwards (b) giving rise to a distinctly non-spherical
bubble shape. In contrast with the wall positions calculated by Blake

et al. for

~

- 1.5 (figure 5.3(a», however, In addition to a further

flattening of the top part of the wall, the region above the centre
of the bubble moves most quickly Inwards. This Is probably because of
the more pronounced curvature of this portion of bubble wall earlier
on In the contraction phase (a). This effect continues as the bubble
gets smaller (c) around which point the elongation, of the remaining
body of vapour reaches a value of 1.19. Furthermore, the liquid near
the upper half of the cavity rushes In towards the spot at which the
plasma was originally created - a point now slightly above the centre
of the bubble. This results In the development of a region of highlycompressed liquid about 200 pm above the upper wall of the collapsing
cavity (d,e) and the formation of a liquid jet which is directed down
towards the lower bubble wall (figures 5.3(b) and (c». When this jet
Impinges upon the lower bubble wall (f), a fairly weak hemispherical
acoustic wave Is strongly directed towards the rigid perspex boundary
from the point of Impact and a body of vapour Is pushed down through
the ring-shaped cavity Into the region below.
After a short delay of about 300 ns, the main annular part of the
bubble suffers a violent rebound (g) as a result of which a largeamplitude compressional acoustic wave Is given out

Into the liquid.

Since each part of the toroldal vapour cavity re-expands radially,
however, the resulting wave is also toroldal

In form and appears In

the shadowgraph of figure 5.22(h) as a pair of laterally-displaced
circular dark rings centred on opposite ends of the bubble. Around
150 ns later stilI, one or two much weaker acoustic transients are
also emitted from the main part of the rebounding vapour bubble -

It

Is not clear whether these arise from the formation of an upwardlydirected counterjet or from some other compression mechanism. As the
fast-moving jet of liquid pierces the lower bubble wall, it is shown
In the Interferogram of figure 5.22(h) as a high-pressure region of
liquid extending about 500 pm beneath the centre of the cavity with a
width of about 300 pm. The pressure associated with the liquid jet at
this point is 70 bar but Its velocity v Is difficult to measure since
the exact time of penetration Is not known. If the jet passes through
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the lower wall as the hemispherical wave Is given out, for instance,
we may estimate v

~

400 ms-', about three times that found by Vogel
~

et al.

(1989) and predicted by Blake et al.

direct

Impact upon the perspex boundary - which does not obviously

occur in this case

(1986) for 'Y

2.

On

this value of v would yield a ·water-hammer"

pressure Pwh of about 4 kbar In the solid material

(equation 5.3),

close to the yield stress of PMMA (Kent 1983). As the high-speed jet
travels further down towards the boundary (i) the compression of the
liquid beneath the bubble Is reduced but a sharp drop In pressure Is
formed at the upper wall of the re-expanding cavity.
During the following rebound phase (J,k), the continued downwards
flow of liquid through the centre of the vapour bubble causes a large
protrusion In the lower cavity wall and a general motion of the whole
body of vapour towards the rigid boundary. These effects are shown In
figures 5.23(c) and 5.24(b) from which the respective mean velocities
of the tip of the protrusion and the cavity as a whole are measured
to be 3.5 and 20 ms-'. As liquid Is drawn down through the cavity, a
small area of low pressure Is formed about 300 pm above the bubble
which persists throughout the growth phase and on Into the following
contract Ion phase.

It

achieves a maximum rare fact lonal

pressure of

about -10 bar around the maximum bubble radius RM, after which It Is
gradually reduced - presumably as the flow of liquid becomes less and
less. This being the case, the large protrusion at the lower edge of
the bubble disintegrates Into smaller bodies of vapour at R

~

RM, (k)

which separate from the main cavity (figure 5.24(b». During the next
phase of contraction, a much smaller deformation appears In the upper
wall of the cavity (I) due to the probable formation of a weak vortex
ring In opposition to the developing vortlclty of the main downwards
flow of liquid (Vogel et al. 1989). As the bubble decreases In size,
this effect becomes stronger until shortly before collapse (m) where
t

~

t, + 0.80 Tc, and the stlll-toroldal cavity becomes flattened in

a horizontal direction once again.
The build-up In pressure associated with the second collapse phase
of the vapour cavity (n,o), while similar to that observed at the end
of the first cycle of oscillation, Is of a slightly lower amplitude,
being centred upon a point about 100 pm above the upper bubble wall.
This results In the emission of a toroldal acoustic transient (p,q,r)
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comprising several very weak pulses followed by a mOderately strong
compressional wave from points along the width of the cavity. Since
the lateral separation of the two circular shadowgraphlc Images of
the acoustic wave Is less than that seen during the previous rebound
phase (cf.

figures 5.22(h) and (q»,

the average radius Rm2 of the

vapour cavity at this point Is less than that attained at R - Rm. In
accordance with equation 5.9. Furthermore, although a body of vapour
Is forced down through the cavity during the Initial re-expansion of
the bubble (q,r), no significant Increase In pressure Is noted In the
region beneath the cavity. This presumably means that the liquid jet
was not sufficient 1'1 strong to pierce the lower wall of the cavl ty
despite Its obvious deforming effects.
The remaining low-energy vapour bubble grows as a single entity for
a third and final time (s,t) before breaking up Into many small parts
with radii of between 50 and 100 pm In the subsequent collapse

ph~se.

As these mlcrobubbles continue to drift towards the solid boundary,
they undergo a further cycle of radial oscillation with the emission
of a series of extremely weak spherical acoustic waves (u,v). These
small, probably gas-filled, cavities expand and partly coalese while
migrating further towards the solid surface after a time t of around
500 ps. From there they may presumably slowly float to the surface or
dissolve Into the liquid.
5.5.2. Variation in pressure around the cavity
Pressure profiles Pan(r) of the three major acoustic waves emitted
by the vapour bubble with RM.

1.0 mm and y - 2.4 are presented In

figure 5.25 In a format similar to that used for the large-y case of
figure 5.21. From these diagrams,

It Is Immediately evident that the

radiation of acoustic transients Is of much greater Importance when a
cavity collapses In the vicinity of a rigid boundary as opposed to in
a large expanse of liquid.
The transient given out during the Initial expansion of the bubble
is shown as Pao(r) at rpo - 1.6 and 3.0 mm in figure 5.25(a). Due to
a reflection of the wave at the solid perspex surface, however,

it

was not possible to calculate the lower half of the pressure profile
for rpo - 3.0 mm. In contrast with that formed at y

~~,

the acoustic

wave comprises two main compressional pulses whose emission centres
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FIGURE 5.25. Pressure distributions Pao(r), Pa,(r) and Pa,(r) around
a vapour cavity with R'11 - 1.0 mm and 'Y - 2.4 during (a) the Initial
expansion, (b) the first collapse and (c) the second collapse.
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lie on the optical axis of the Incident laser beam with a separation
of about 250 I'm. This double acoust Ic pulse probably arose from two
closely-spaced nuclei which expanded and coalesced to yield a single
vapour bubble, the two plasmas having been formed due to a greater
concentration of Impurities In the water. As a result,

the maximum

pressure Induced In the liquid below the cavity Is about twice that
Induced above, the average normalised amplitude pporpo being 148 bar
mm and the rise time fpO being about 40 ns. ,
Figure 5.25(a) shows three radial pressure profiles Pa,(r) around
the first asymmetrical collapse of the vapour cavity situated at r O. The first, taken ·from the Interferogram of figure 5;22(d), shows
the build-up In pressure above the bubble for a point where

t

< To,;

the second and thl rd, taken from fl gures 5.22 (h) and (i), show the
subsequently radiated acoustic wave for

t

> To, at rp,

1.2 and 2.7

mm. The main spherical compressional wave associated with the rebound
of the toroldal cavity, has an amplitude Pp, rp, of 108 bar mm and a
total rise time fp, of around 350 ns. The hemispherical wave radiated
after the impact of the liquid jet onto the lower bubble wall, shown
for rp, - 1.2 mm at r - -1.6 mm, is relatively weak with an amplitude
of only 43 bar mm. Despite a slightly greater acoustic energy being
directed towards the rigid boundary, therefore, the stresses induced
within the solid material would be two orders of magnitude less than
that required to cause permanent damage to the solid material.
Radial pressure distrlbut ions Pa,(r) around the cavitat Ion bubble
before and after the second and final

large-amplitude rebound at

t

=

355 I's are presented In figure 5.25(c). These spatial profiles, which
were respectively obtained from figures 5.22(n), (q) and (r), display
the emitted acoustic wave at rp, - 0.5 and 2.7 mm. As described in §
5.5.1, the hump of compressed liquid which develops directly before
collapse is closer to the upper wall of the bubble while the acoustic
wave is given out from the body of the cavity. Nevertheless, the form
of the main compressional transient is similar to that emitted in the
course of the previous collapse, Its peak pressure pp,rp, (51 bar mm)
being about half that seen for n - 1 but its rise time fp, (= 600 ns)
being greater. Furthermore, of the weak compressional pulses which
lie ahead of the main wave, the most important, with an amplitude of
34 bar mm, is shown at r

= tl.3

mm for rp2 - 0.5 mm. As a result, it
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precedes the relatively strong main acoustic wave by a temporal delay
of about a half a microsecond.

5.5.3. Energy conservation and damping mechanisms
Although the initial P.E. Ep , of the vapour cavity at y - 2.4 is,
as expected, the same as that generated previously for y ... "',

the

acoustic energy dEao radiated during the initial growth of the bubble
is only about 85 % of that given out In the large-y case (I.e. 320
and 380 pJ). This difference, which causes a slight reduction In the
mechanical efficiency (Ep,+dEao)/E o of the laser pulse to 18 %, may
probably be attributed to the larger number of solid particles in the
liquid for y - 2.4 and a resulting mUltiple formation of plasmas.
Various parameters describing the three main cycles of oscillation
of the laser-induced cavity at y -

2.4 are presented in the lower

part of table 5.2. As shown by these values, the loss in energy dE p ,
around the first collapse of the vapour bubble (I.e. between t, and
'2)

is 46 % of its initial P.E. Ep ,' which corresponds to a damping

factor

0',

(-

RM2/RM,)

of 0.82. The proportion of this drop In P.E.

carried away as acoustic energy dEa,/dE p , is 61 % - yet again in very
good agreement with the mechanical transducer measurements of Vogel

et al.

(1989). The energy tranferred to kinet ic energy dEk, of the

liquid and lost via other unknown mechanisms dEu, therefore accounts
for over a third of the total loss in P.E. for n - 1.
Around the second collapse phase, the relative importances of the
various energy-damping mechanisms are considerably altered from the
situation described above. Although the total change In P.E. dE p2 of
the cavity is about the same as that experienced between " and

'2

(dE p ,) , it represents over 95 % of the remaining P.E. EP2 at , -

'2

compared with a value of dEp,/E p ' of less than one-half. Moreover,
the energy dEa2 of the acoustic transient emitted during the second
cavity rebound Is only just over one-quarter of the acoustic energy

dEa, given out during the first. This means that only 15 % of the
reduction in P.E. dE p2 around the first collapse is due to acoustic
radiation, with almost three-quarters being lost as an Increase in
kinetic energy dEk2 or thermal energy dEu2 of the host liquid.
During the third and last collapse phase, by which time the main
cavity has broken up into many small mlcrobubbles, the remaining P.E.
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of the vapour (or gas) Is almost entirely dissipated by the emission
of an extremely weak acoustic wave and via other unmeasurable routes.
Of the total P.E. EP3 of the bubble at
5 % of its original value Ep1 '
liquid as kinetic energy or heat
directly as

acoustic energy

t

-

t 3 , which Is now less than

five-sixths
(~Ek3+~Eu3)'

(~Ea3)'

is transferred to

the

the rest being radiated

Whereas,

therefore,

the

most

important method of energy dissipation for n - 1 Is the emission of
acoustic waves, it plays a much more minor role around the subsequent
collapse phases. This effect may be due to the much larger surface
area of the bubble with respect

to

its maximum volume during the

second and third cycles of oscillation, which no doubt gives greater
opportunity for effects such as viscosity and heat transfer to play a
greater part.
5.5.4. Variation in initial distance from boundary
In the final piece of work performed on cavitation bubbles In water
(Ward & Emmony 1990c) , the opt Ical arrangement was modified to give
interference fringes right across the field of view of the instrument
as opposed to just In the water. This was achieved by positioning an
identical sample of perspex In the compensating cuvette which was, In
turn, placed in the reference arm of the Mach-Zehnder interferometer
at the focal plane of the final

imaglng lens. The fringes were made

as straight as possible by carefully superimposing the images of the
two perspex blocks in space so that the stress-Induced variations in
refractive index close to the milled edges were nearly balanced. For
an Incident laser energy Eo of 4.6 mJ, vapour bubbles with a maximum
radius RMl of 1.1 mm were obtained for -y-values of 2.5, 1.8 and 0.8.
Short sequences of shadowgraphs and Interferograms of the resul t Ing
cavities are shown In figures 5.26, 5.27 and 5.28, respectively.
On each of the three sets of interferograms, the dark line across
the lower part of the images arises from a rounding of the corners of
the perspex blocks during manufacture. As a consequence, the top edge
of this band represents the water-perspex Interface, while the bottom
edge defines the minimum depth at which measurements of pressure may
first be made - about 0.5 mm. In addition, the dark patches below the
band show the positions of laser-induced damage sites which were made
during the alignment of the specimen, the worst example unfortunately
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being positioned directly beneath the point of creation of the vapour
bubble.
For 7 - 2.5, a situation similar to that described In §§ 5.5.1 to
5.5.3, the cavity migrates towards the boundary, but does not reach
it before breaking up Into mlcrobubbles. For 7 - 1.8 and 0.8, on the
other hand,

the cavities do not need to travel so far to reach the

solid surface, collapsing directly onto It near the respective end of
the second and first cycles of oscillation. Figures 5.26(a), 5.27(a)
and 5.28(a) respectively show the cavitation bubbles for 7 - 2.5, 1.8
and 0.8 at a time

t

of 1.0 p.s after their formation. At this early

stage the expanding bubbles are "unaware" of the nearby presence of
the rigid boundary because of the finite value of coo. As the emitted
acoustic transient propagates away from the expanding cavity (b),

it

Impinges upon the rigid boundary and generates a compressional (P-)
wave In the perspex at the Initial point of contact and a reflected
compress Iona I wave in t he I I qu id. The P-wave t rave I s out wards from
its point of formation at a speed Cs

(~

1.8 coo), creating a conical

"bow" wave in the I iquld as It does so (see chapter four).
At a time
(7 -

t

-

t

l'

the vapour cavi ty most remote from the boundary

2.5) reaches a maximum size and starts to contract once again

(figure 5.26(c»

giving rise to an asymmetrical flow of liquid down

through the bubble during its subsequent collapse and a large buildup of pressure 200 p.m above the upper wall (d). The following impact
of a focused jet of liquid upon the lower bubble wall forms a smallamplitude hemispherical acoustic pulse which propagates towards the
rigid boundary and an even weaker but strongly-directed wave which
travels upwards (e). After a delay of 400 ns or so, the contents of
the ring-shaped cavity undergo a rapid rebound during which a strong
toroidal compressional wave is radiated.

In addit ion, assuming the

jet of liquid to penetrate the lower wall of the bubble as the weak
hemispherical wave is created, the jet travels towards the boundary
at an initial speed of about 350 ms- 1 (e,f). Whereas the weaker wave
produces no appreciable change in pressure in the sol id material, a
moderately strong P-wave is generated as the main compressional wave
impinges upon the interface.
(f)

(The peak ampl itude in the perspex in

is 31 bar.) As the cavity expands towards its maximum size (g),

the continued flow of liquid produces a small region of low pressure
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above the upper bubble wall, a distort Ion of the

lower wall and a

general migration of the cavity towards the boundary, the latter of
which continues throughout the second collapse phase (h). During the
subsequent rebound (i,}), several extremely weak compressional waves
are emitted ahead of the main toroldal transient which itself causes
the formation of another fairly strong P-wave In the solid. Despite
the creation of a second protrusion In the lower wall of the bubble,
however, no Increase In pressure Is noted beneath the cavity because
of the cushioning effect of the enclosed vapour on the less-powerful
liquid jet. After expanding to a third maximum size (k), the cavity
disintegrates into microbubbles which cont inue to drift towards the
perspex boundary.
At

r -

1.8, the initial laser-produced body of vapour stili expands

to give a roughly spherical cavitation bubble (figure 5.27(c». but
the following contraction phase is slightly different. The region of
high pressure formed by the Inwards motion of the liquid immediately
before collapse (d) is now centred only about 100

~

above the upper-

most part of the cavity. Furthermore, as qualitatively predicted by
Blake et al. (1986), the width of the vapour bubble is greater than
that for

r -

2.5. As the upper wall of the bubble comes Into contact

with the lower (e), one or two closely-spaced hemispherical acoustic
waves are radiated downwards from the developing protrusion and the
liquid around the still-collapsing cavity becomes more compressed. At
the same time, the centre of the pressure hump Is shifted down onto
the flattened ring-shaped bubble and one or two well-directed waves
are emitted upwards through the channel of liquid along the central
vertical

axis

(e,f,g).

These

even smaller-amplitude compressional

waves presumably arise as a reaction to the collision of the upper
and lower bubble walls. Around 700 ns later - almost twice the delay
for

r -

2.5 -

the bubble rebounds with the emission of a slightlY

weaker main toroidal acoustic wave which, upon hitting the boundary,
generates a further P-wave in the solid (f,g). As the vapour cavity
re-expands to R -

R/,!>,

the protrusion comes

into contact with the

sol id surface and the downwards flow of liquid is presumably hal ted
(h).

During the following contraction phase,

two distinct flattened

bubble parts are produced (i), the lower of which remains attached to
the suface, the upper of which lies directly above the lower. These
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then rebound independently over about a millisecond <J,k) with the
emission of several relatively weak acoustic waves on either side of
the Interface. Both bubble parts then disintegrate Into microbubbles
which spread out over the perspex boundary.
Due to the close proximity of the rigid surface, the vapour bubble
formed at

~

- 0.8 Is not able to grow spherically after its creation

(figure 5.28(c». Instead, as predicted by Blake et al. (1986, figure
5.4(a», the lower bubble wall Is halted about 100

~m

above the solid

boundary leaving a thin band of liquid at the ambient pressure Poo. As
the cavity collapses, however, It "falls" onto the surface (d) and a
region of high pressure is produced in the nearby liquid (e). Various
parts of the toro id-shaped bubble then rebound at slightly different
times (e,f,g) to give a series of weak cylindrical acoustic pulses in
the liquid and in the solid. Still attached to the solid surface, the
bubble expands to a maximum size (h) before breaking up into a cloud
of smaller cavities (i), the largest of which radiate one or two very
weak spherical acoustic waves (i,J,k). These mlcrobubbles then slowly
drift back towards the boundary (I).
Presented in table 5.3 are some measured and derived variables at n
1 for the three values of

~

described above. In going from

~

- 2.5

down to 0.8, the damping factor a, for the first collapse phase rises
from 0.77 to 0.98. Jhls means that the proportion of the Initial P.E.

Ep , of the enclosed vapour lost between t, and t, decreases from just
over one-half down to only 5 % as the initial bubble-surface distance
Is reduced. In addition, the amplitude pp,rp ' of the emitted acoustic
wave for n - 1 decreases with ~ as already described by Vogel et al.
(1989) for somewhat larger bubbles. Nevertheless, the total acoust ic
energy

~Ea,

lost via radiation is larger than expected from the work

of Vogel et al. for

~

- 1.8 and 0.8. In both cases the discrepancy is

probably due to the measurement of the pressure profiles Pa,(r) very
close to or on the solid boundary in the author's work.
Figure 5.29 shows four radial pressure profiles Pa,(r) of the upper
. edge of the acoustic wave given out during the first collapse of the
bubble at

~

- 1.8 (i.e. from figure 5.27(g». These profiles, which

were obtained from the four unbroken dark fringes traversing the wave
system, give a total rise time

Tp'

of 900 ns of which about 200 ns is

made up of the sharp leading edge. As expected from the toroidal form
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T c,

",

pp,rp '

Ep ,

[bar mm] [I'J)

[I's)

~Ep, ~Ea,/~Ep,

(~Ek,+~Eu, )/~Ep,

[ I'J )

[')i )

['" )

2.5

107

0.77

106

654

360

51

44

1.8

110

0.88

116

710

223

84

13

0.8

123

0.98

21

993

47

36

62

TABLE 5.3. Measured parameters for the fi rst oscillation (n -

1 ) of

vapour bubbles near a rigid boundary for RM, - 1.1 mm and 6 - 0.11.

100~------------------------------------------------------'

-20~----

o

__0.5------~----__------__----__2.5------~----__3.5------~
1.5

3

2

r [mm]
FIGURE 5.29. Radial pressure profi les Pa, (r) for the top edge of an
acoustic wave emitted during the first

rebound of a vapour cavity

with RM, - 1.1 mm and y - 1.8 (see figure 5.27(g»

as found from the

first (0). second [e). third [D) and fourth [_) dark fringes.
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of the transient, the highest pressure Is recorded directly above the
cavity (from the first fringe) where the wavefronts are most closely
superimposed. Moving to the right (with the subsequent fringes), the
peak amp I itude decreases as the near-cylindrical components of the
wave move further out of phase with one another.
In summary, therefore, acoustic waves are generated for all three
values of 1 during (I) the initial expansion, (ii) the first rebound
and (1Ii) the second rebound of the vapour bubble. (Cavities created
via a hydraulic method would probably only radiate waves during (ii)
and (111). Furthermore, when the cavity does not collapse directly
onto the boundary (1 - 2.5 and 1.8), a high-speed jet of liqUid is
propelled down through the bubble wall closest to the solid surface
just prior to the first rebound, but not during the second. As this
jet Imapcts upon the lower wall, a hemispherical acoust ic transient
Is radiated from the bottom of the cavity and a well-directed but
relat Ively weak wave is radiated upwards. Due to the large bubbleboundary distance,

however,

neither

the

liquid

jet

nor

produce very large pressure changes In the solid for 1

the waves
2.5 or 1.8

at n - 1. When the cavity collapses onto the boundary, on the other
hand (n - 2 for 1 - 1.8, n - 1 for 1 - 0.8), the bubble rebound is
quite unstructured and the acoustic waves are emitted over about a
microsecond. As a result, the peak pressures generated in the solid
are not particularly great and no significant cavitation erosion is
caused. The effect of the direct impact of a liquid jet on the rigid
boundary is not clear, although It can safely be said that no largeamplitude stress waves are formed in the examples considered here.
5.6. Comparison of cavity-oscillation regimes

5.6.1. General cavitation-bubble dynamics
When a vapour bubble is formed in the vicinity of a free surface or
a rigid boundary, or when the buoyancy forces acting upon that bubble
are appreciable, then the radial flow of liquid caused by the motion
of Its walls will not be perfectly symmetrical about a central point.
During the first contraction of the cavity, this causes a distortion
from the original spherical form of the bubble and the format ion of
an asymmetrical region of compressed liquid adjacent to the bubble.
Depending on the direction and magnitude of the external force,
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the

bubble may be deformed Into a toroldal shape just before Its point of
collapse through which a high-speed jet of liquid would be directed.
As shown in §§ 5.3 and 5.5 for bubbles with a maximum radius

R~"

of

about 1 mm for which buoyancy forces are small, the jet of liquid is
di rected away from a free surface but towards a rigid boundary. As
the cavity rebounds, this jet of liquid often causes a corresponding
protrusion In the wall upon which It Impinges and a general migration
of bubble In the same direction. No such effects are observed for a
bubble in a large expanse of liquid (§ 5.4) where a radial symmetry
is fairly well maintained.
Whereas the cavity formed in a large expanse of liquid suffers only
a single low-energy rebound oscillation, the bubbles formed near free
and rigid boundaries (-y" 4.8 and 2.5, respectively) undergo two much
larger-amplitude cycles of re-expansion and contraction before the
excess energy of the vapour Is removed. As a consequence, the thick
curve In figure 5.1 Is a better representation of bubbles formed at
small values of -y; the thin curve Is closer to the case for -y -+ "'.
Furthermore, those cavities formed In a large expanse of liquid tend
to stabilise as a single small gas bubble which rises slowly to the
surface. Those formed near boundaries, on the other hand,

break up

Into a cloud of tiny microbubbles which are dispersed in the nearby
liquid.
5.6.2. Acoustic Waves and damping mechanisms
As a result of their method

~f

creation, all laser-produced vapour

bubbles emit a compressional acoustic wave during the early stages of
their first growth phase. For the 4.6-mJ focused infrared pulse used
in this experimental work, this transient has a normal ised ampl i tude
of around 150 bar mm, a rise time of 40 ns and a full-width duration
of 180 ns. During each of the one or more collapse and rebound phases
which the bubbles subsequently undergo, they radiate further acoustic
waves whose amplitudes and forms depend upon the chosen value of-y.
In most cases, however, the so-called "bubble pulses" have a leading
edge comprising a region in which the pressure increases slowly and a
further region with a sharp pressure gradient.
When formed In a large expanse of liquid (-y -+ "'), a vapour bubble
with Rn!

~

1 mm radiates a strong spherical acoustic wave with a peak
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pressure of about 200 bar mm and a total rise time of about 500 ns in
the course of its first collapse phase. The larger amplitude of this
transient (equation 5.10) presumably arises from the higher pressures
attained by the enclosed vapour during its efficient compression by
the symmetrical

inwards flow of liquid. When formed in the vicini ty

of a free surface or a rigid boundary, on the other hand

(~

finite),

the peak pressures of the emitted waves are significantly less - more
typically around 100 bar mm for 'Y '" 2 or 3, for instance. For these
cases, where the initially-spherical bubble collapses in the form of
a toroid, the pressure attained by the enclosed vapour is likely to
be significantly less because of the asymmetrical flow of liquid.
Due to the weak effect of gravity, the acoustic wave emitted during
the first collapse for

~ ~

00

is made up of two or three compressional

pulses with a slight vertical separation from one another. For small
values of

~,

however, those given out for R '" Rm , are considerably
more complicated. Due to the annular shape of the collapsing cavity
near a rigid boundary, for example, the emitted wave Is also annular
in nature, each cylindrical part of the bubble radiating at the same
time. Up to about a microsecond prior to collapse, a hemispherical
acoust ic wave is also formed from the impact of the liquid jet upon
the opposite bubble wall.
Since the amplitudes and duratlons of the acoustic waves radiated
during cavity collapse near rigid or free boundaries are less than
those given out from bubbles in a large expanse of liquid, then the
enclosed vapour loses a larger proportion of its potential energy in
the former case. This partly explains the more efficient damping of
the symmetrical oscillations in relation to those where a liquid jet
is formed. In addition, however, especially for moderate values of

~

with respect to a free surface, an appreCiable amount of energy may
also be lost to the liquid as thermal or kinetic energy during the
first asymmetrical collapse phase. As a consequence, the variations
between rebound radi i RN> observed for small and large values of

~

are not so great as might be expected from a simple consideration of
acoustic emission alone.
Due to the lower potential energies of the enclosed vapour In the
first rebound phase of the cavities, the acoustic energies given out
during the second collapse phase are always less than those radiated
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during the first. For

r

~ w,

for example, the acoustic wave consists

of a single very weak compressional pulse with an amplitude ten times
less than that for n - 1. For all other configurations, on the other
hand, the difference Is much less, the first bubble pulse being only
between two and four times the strength of the second. Since bubbles
formed near a rigid boundary maintain their toroidal shape throughout
the second collapse phase, the emitted wave once again exhibits the
form of a ring; since no wall Impact occurs in this case, however, it
Is not prededed by a corresponding hemispherical pulse.
Although the contribution of unknown mechanisms to the damping of a
symmetrically-oscillating cavity remains very small during the second
collapse phase, It becomes much more important as

r

is decreased with

respect to rigid or free surfaces. Indeed, for the finite values of r
considered in this work (i.e. < 5), the transfer of potential energy
to the liquid as thermal or kinetic energy Is greater than the direct
radiation of acoustic energy for n - 2. This effect may presumably be
explained with reference to the longer duration and larger relative
surface area of the aspherical cavity in the second rebound phase and
a correspondingly greater diffusion of heat across the bubble walls.
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6. CONCLUSIONS AND RECOf.NENDATIONS

6.1. Conclusions
The project described In the previous pages Involved the design,
construct ion and use of a high-speed video-photographic arrangement
for the study of laser-produced acoust I c t rans I ents In transparent
gases,

liquids and solids. The dlagnost Ic system comprised a Mach-

Zehnder

Interferometer with a single-shot

sub-nanosecond dye-laser

I ight source, a CCD video camera, a 6-blt frame store and a 512-kb
personal computer. The method of gene rat ion of the ultrasonic waves
Involved the creation of a plasma by focusing the near-Infrared 0switched output from a Nd:YAG laser Into the host medium. The high
electric field around the beam waist caused the nearby atoms to be
stripped of their electrons, so forming a small but intense plasma
whose rapid expansion set up an acoustic disturbance in the nearby
material.
When focused Into atmospheric air, a 4.6-mJ pulse from the Nd:YAG
laser generated a luminous spark with a length of about a millimetre
and an energy of less than 1 % of the incident laser energy. After a
microsecond or so, a roughly spherical blast wave was radiated from
the hot expanding plasma into the surrounding air with a velocity of
Mach 1.6 and an amplitude of 600 mbar. At

t

= 5

~s,

the velocity and

amplitude of this blast wave had decreased to Mach 1.2 and 200 mbar,
respectively. The plasma Itself continued to expand at a much slower
rate for up to another millisecond after which time it had cooled to
room temperature and the blast wave had travelled about a third of a
metre.

Several different experiments were performed with solid materials
of one kind or another, the most Important being those Involving the
transparent polymer PMMA. When focused directly onto the surface of
the polymer In atmospheric air, the 4.6-mJ Infrared pulse produced a
vapour-air plasma, a hemispherical blast wave In the air and a hemispherical bipolar P-wave In the solid. The rise time of the bulk Pwave was roughly equal to the length of the laser pulse (8 ns) and
Its frequency of oscillation was 5 MHz.

In addition, the normalised

amplitude of the P-wave was 44 bar mm and Its total energy was less

270

than 2 pJ. When the pulsed laser beam was focused inside the body of
the transparent sol Id, on the other hand, the volume of material In
which the plasma was formed re-solidi fled as a damage site.

In this

Instance, the strongest P-wave was generated, perhaps surprisingly,
after the fourth laser shot on a particular site when the region of
damage had grown somewhat from its original size. Here, the emitted
spherical P-wave was similar In form to that generated at the airpolymer Interface apart from Its rise time .of 60 ns. When the laser
beam was focused onto PMMA In water, the resulting hemispherical Pwave was purely compressional In nature with an amplitude of 69 bar
mm, an energy of 5 pJ and a rise time of 40 ns. As a consequence, a
higher proportion of the Incident laser energy could be transferred
to the sol Id by Immersing It In water before forming a plasma upon
I ts surface.
The most detailed section of work carried out using the high-speed
photographic system was concerned with the dynamics of laser-produced
cavitation bubbles In water. In this case, a plasma was created In a
large volume of water using the 4.6-mJ focused neodymium laser pUlse.
This high-temperature plasma rapidly heated and vaporised the nearby
liquid, so causing a small high-pressure vapour bubble to appear at
the beam waist and a spherical acoustic wave to be radiated Into the
liquid. The vapour bubble then grew to a maximum diameter of about 2
mm before contracting and re-expanding with the emission of a second
acoustic wave. This process was repeated one or more times until the
energy of the enclosed vapour had been dissipated In the liquid. The
detal led dynamics of a particular cavitation bubble depended on Its
Initial position with respect to free or rigid boundaries, the total
lifetime of a cavity being hundreds of microseconds.
The acoustic wave given out during the Initial growth phase of the
vapour bubble was purely compressional with a normalised amplitude of
149 bar mm, a rise time of 40 ns and a half-width duration of 180 ns.
Taking Into account the ratio of the acoustic Impedances of water to
PMMA -

I.e. 1:2.2 - these values concur with those for the P-wave at

a water-PMMA Interface. The total acoustic energy associated with the
compressional water wave was 320 pJ or about 7 % of the laser energy.
This compares to an Initial vapour-bubble energy of about 500 pJ and
a mechanical efficiency of almost 18 %. In cases where the bubble was
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formed well away from any boundaries, the strength of the wave given
out during the second expansion phase was greater than that emitted
during the first;
or rigid surfaces,

In cases where the bubble was formed close to free
in contrast,

the reverse was true. Moreover,

for

all bubble positions, the rise time of the second acoustic transient
was greater than that of the first.
The most Important work carried out in the field of laser-produced
vapour bubbles Involved the creation of cavities In water close to a
rigid PMMA boundary.

In this Instance, the first acoustic transient

comprised - as above - a single spherical compressional pulse with a
rise time of 40 ns. Because of the annular form of the cavity In the
first collapse phase, however,

the second wave was also annular In

form with a total rise time of about 350 ns. Moreover, a much weaker
hemispherical transient preceded the second main acoustic wave along
the normal to the boundary by up to about a microsecond. This weaker
wave arose from the impingement of a high-speed jet of liquid on the
wall of the cavity closest to the PMMA surface. In addition, changes
in pressure in the liquid arising from the motion of the jet and the
Inwards mot Ion of the water during the previous collapse phase were
observed and quantified.
In summary, therefore, using the high-speed video-Interferometric
system assembled In this project, accurate measurements of transient
pressure variat Ions In transparent gases,

liquids and solids could

readily be made. With one-to-one Imaglng optics, objects travelling
with velocities of up to about 50 kms-' could be resolved - well In
excess of the sound speeds of all useful materials. Due to the good
shot-to-shot reproducibility of the laser-generation mechanism,

the

standard video system therefore represented a simple alternative to
more sophisticated and expensive apparatus.
6.2. Recommendations
As demonstrated throughout this thesis, the diagnostic arrangement
developed by the author could very easily be applied to the study of
a wide range of high-speed transient phenomena In all three states of
matter. In particular, however, the fields of non-destructive testing
(NOT) and cavitation provide the most attractive options for further
work at the present time. In NDT, for example, much work Is currently
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being carried out to model the Interactions of ultrasonic waves with
cracks, defects and other obstacles in solid media (Bond 1984). This
apparatus could provide a valuable experimental check on the accuracy
of some of these calculations. Parallel to this, a more comprehensive
study of laser-Induced cavi tat Ion bubbles In water could now easily
be performed, building on the work described In chapter five. Taking
Into account the Ideas of cavitation erosion, special emphasis could
be placed upon the behaviour of bubbles near flexible solid surfaces
of various types.
Although the existing experimental apparatus provides a method of
probing the pressures and dilatational stresses In fluids and solids,
respectively, It Is not sensitive to distortional stresses In solids
since no associated change In density or refractive Index occurs. As
a consequence, a photoelastlc measurement technique could be used In
conjunction with the Mach-Zehnder interferometer to give Information
on all stresses simultaneously (Nlslda & Saito 1964). By Introducing
a circular polariscope Into the arrangement and using a photoelastlc
transparent material In place of PMMA, a better understanding of the
Interactions of ultrasound with obstacles could be achieved.
Due to the rather complicated wave front geometrles which sometimes
arise when spherical ultrasonic waves diffract around linear defects
In solids, It might be beneficial to replace the existing neodymium
laser with a more powerful Q-swltched ruby or Nd:YAG device. In this
way, a linear plasma source of acoustic waves could be generated, so
setting up a cylindrical symmetry which would be easier to deal with.
Alternatively, a high-power pulsed TEA carbon-dioxide laser could be
used to create planar wavefronts In solids via the thermoelastlc or
ablative effects.
In the basic Mach-Zehnder interferometric arrangement, errors In
the measurement of pressure arose by and large from the Ilmltat Ions
In accuracy of the fringe-shift measurements. This problem could be
significantly reduced If the Instrument was upgraded to work as a
quadrature-Imaglng Interferometer (Holloway & Emmony 1990) wl th two
sets of orthogonally-polarised fringes.

Although

this modification

would require the use of two video cameras and two frame stores, a
complete phase map of an image could be created without the need to
calculate distances between Interference fringes.
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The system could

also be Improved by operating the Mach-Zehnder Instrument as a twowavelength device (Creath 1987)

so that

uncertainties

In absolute

phase at any point across the field of view could be eliminated.
In final conclusion, therefore, the apparatus developed and used
during this project has given detailed Informat Ion about the shortdurat Ion changes In pressure around laser-Induced pIasmas In gases,
liquids and solids. In the future, It Is likely to be of use In the
fields of NDT In solids and cavitation In liquids. With one or two
modifications,

It could be made considerably more effective In both

these areas of work.
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APPENDICES

At. Detailed description of master trigger circuitry
Although an out I ine of the operat Ion of the> system trigger box was
given in § 2.4.4, no mention was made of the actual components used
in Its final construction. This appendix describes the circuitry more
fully and gives a brief explanation of Its method of use. Figure At.t
shows the circuit diagram of the device without Its two 5- and 20-V
power supplies.
The first three n-p-n transistors of the circuit - each arranged In
collector-output mode - are used to amplify the Incoming video signal
over a wide bandwidth to a level of about 5 V peak-to-peak. At each
of the three stages, the signal Is Inverted In order that the fleldsync pulses are positive-going when they emerge from the series. The
amplified signal Is then passed to the Inverting FET Input of a 355
op-amp which operates as an Integrator In this set-up. By varying the
4.7-kO variable bias resistor on the second transistor and monitoring
the output from the Integrator at the first BNC test point TP1 using
an osci lloscope, the 50-"z field-sync pulses are made to stand out
from the rest of the analogue Information. This modified signal
applied to the

Is

Inverting Input of a 3tt voltage comparator, which

strips off the higher-voltage sync markers and emits corresponding
negative-going TTL pulses. As the analogue video signal changes, the
level at which the comparator clips the Incoming signal
by varying the second 4.7-kfl resistor at

Is adjusted

the non-inverting

input.

This procedure Is continually checked at the second test point TP2.
Before entering the rest of the circuit, the stripped

500-~s

sync

markers are passed through a 74121 monostable mul t ivlbrator which
converts them to

t50-~s

positive TTL pulses with duratlons governed

by the time constant of the external resistor-capacitor pair. These
modified pulses are then used to clock a 7474 posltlve-edge-trlggered
D-type flip-flop at the standard video rate of 50 Hz. The data input
to the flip-flop Is provided either by the push-button switch SI or
by the 555 timer IC, depending on the position of the switch S2.

In

the latter case, the bias resistors are arranged such that the timer
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gives out a low voltage for 30 ms and a high voltage for 0.5 to 2.0
s. This varying signal is then reversed by the 7404 inverter chip to
give a train of 30-ms positive pulses at the flip-flop Input.
The ISO-ps pulses are next subjected to a sequence of delays by a
set of 74121 slngle- and 74221 dual-input monostable multivlbrators.
These devices are arranged in pairs, the first member of each being
used to generate a negative-going pulse with a length equal to that
of the required delay. The second chip in each pair Is triggered at
the positive-going edge of the first pulse to give another positive
TTL pulse of the correct length. As described above, the delays and
lengths of the resulting pulses may be chosen by altering the values
of the external resistor-capacitor pairs. Moreover, after generating
secondary pulses In the frame-store and nitrogen-laser arms of the
circuit, the two resulting pairs of signals are recombined by a 7408
and-gate and a 7432 or-gate, respectively.
The various options available within the trigger circuit are each
selected by means of various rocker switches placed along the series
of multlvibrators. The line- or frame-transfer options are chosen by
switch S3 and the slngle- or double-shot options by switches S4, SS
and S8. The low- or high resolution options are selected using switch
S6 and the short- or long-delay options using switch S7.
In order to accurately control the output gain, the 100-ms and 5-ps
TTL pulses to the Nd:YAG and nitrogen lasers are amplified using a
531 high-frequency op-amp, respectively. In this way, high-frequency
noise on the 20-V supply rails
resistor-capacitor pairs.

is completely filtered out

In both cases, the signal

through an n-p-n transistor

by the

Is then passed

In emitter-follower mode to provide a

greater current. Since the termlnat Ing impedance within the Nd:YAG
laser Is only 100

n,

an air-cooled BD131 transistor is used on Its

trigger-box output in place of the normal BCI08.
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