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This paper follows Part I, which described primarily acoustic techniques for the detection of stable
bubbles (gas bodies). Other techniques, based on optical, chemical, and erosive effects, were discussed.
This paper describes techniques in the same four categories, though again concentrating primarily on
acoustic methods, for the detection of transient cavitation, which is characterised by the sudden growth
of a bubble from a small seed nucleus, followed by an energetic collapse and rebound.

n Part I the range of techniques available for the

detection of bubbles was subgrouped into three cat-

egories: acoustic, optical, and those associated with
damage or chemical effects. Optical techniques (and those
acoustic techniques involving shadowgraphy or the bubble
resonance) were shown to be particularly appropriate for
the detection and sizing of stable gas bodies. This paper
concentrates primarily on the detection of less stable en-
tities involved in more energetic processes, typified by
significant bubble expansion and subsequent collapse.

Such cavities might be formed by the sudden dumping of
energy into a liquid, for example through the action of

lasers, sparks, or ionising radiation. Alternatively small
bubbles in high- dl‘l‘lplltlldc pressure perturbations (Ublldll}
tensions, either acoustic or hy du)d)ndmu in or igln) may
grow to attain a radius several times the ‘equilibrium’ one;

if, during this process, there is insufficient diffusion of

dissolved gas from the liquid into the body, then the
permanent gas pressure inside the ‘cavity’ when it is so
expanded will be insufficient to prevent subsequent rapid
collapse. Thisbehaviouris termed “transient cavitation” or
“unstable cavitation”. During collapse, the gas compressed
within the bubble may reach temperatures of several
thousand degrees [1-4], and gas shocks may propagate,
reflecting and focusing within the bubble [4§4.4.8;4§5.2. 1b;
5-7]. Both these processes can in principle generate free
radicals and electronically-excited chemical species. Elec-
trical effects may also occur [4§5.2.1¢; 8,9]. The collapsing
bubble may rebound, emitting a pressure pulse into the
liquid. The rebound may leave the bubble intact, or cause
fragmentation. Alternatively, if the bubble environment
contained directional influences (for example through the
presence of another bubble or a boundary, or the passage
of a shock wave), the bubble may involute on collapse and
form a liquid jet [10, 11]. These processes are illustrated
in Fig 2 of Part L.

Detection through optical, erosive and chemical
effects

Whilst optical studies of ‘transient cavitation” are not un-
known [12], their implementation can sometimes be dif-
ficult. Some drawbacks, such as opacity of media or
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containers, are outlined in Part I. Others are specific to the
nature of transient cavitation. An optical image of a size
large enough to encompass the fully-expanded bubble will
rarely be able to resolve the initial pre- existing gas pocket
which seeds this growth. Often the precise location of the
event is difficult to determine in advance, depending on
the spatial and temporal coincidence of a suitable seed and
an appropriate excitation (though focused acoustics and
the use of sparks and lasers can influence the siting).

In contrast techniques which exploit chemical and ero-
sive effects of transient cavitation by definition can inter-
rogate all of the sample which contains cavitation sufficient
to cause that effect. However continuous real-time moni-
toring by these techniques can sometimes be difficult,
measurements often requiring a cessation of cavitation;
and interpretation of such eftects in terms of cavitation
characteristics may be limited. Such techniques usually
involve the detection of effects associated with physical
changes (eg erosion) due to jet impact [13] and rebound
pressures (either from single or cloud cavitation events
[14]); and resulting from adiabatic heating of gas com-
pressed within the bubbles, or the chemical and biological
effects of the radical species which may be associated with
both this heating and the propagation of gas shocks. These
effects are discussed in chapter 5 of reference [4]. The
range of effects available can be illustrated through the
hotspot resulting from the heating of the bubble gas. This
can be detected through its ability to ignite explosives [15].
Additionally it can be monitored through effects resulting
from the generation within the bubble gas of unstable
chemical species, some of which may diffuse into the liquid.
These include: (1) sonoluminescence (Fig 1), a faint light
emission [3] which results from the radiative recombina-
tion of free radicals; and (i1) specific sonochemical reac-
tions [16], including techniques such as spin trapping
which are designed toidentify the nature of the short-lived
free radicals by allowing them to react with diamagnetic
nitroso or nitrone species to produce a longer-lived radical
which can be identified through electron spin resonance
(ESR) spectroscopy [17].

Chemiluminescence may be produced through the
radiative reaction of free radical species generated within
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Fig 1 A photograph, taken through the image intensifier, of
sonoluminescence in a 90% g!'\umu' /10% water mixture, occurTing
within a cylindrically-symmetric sound field of 2 atm. pressure ampli-
lude (see [4] for details). Each point of light represents the detection
of a single pholo. The bright sources of light arise from sonoluminescence
from bubbles, originating from two regions. Connecting these is a string
of bubbles, which may be luminescing or simply veflecting hght from
the main sources of sonoluminescence. The frame measwres 11.75 mm
x 17 mm.

the collapsing bubble with a chemical dopant (mllv(l
luminol, also triaminophthalic hydrazine) which is dis-
solved into the liquid. lhu[nmulllplu.mun of this has
demonstrated that ultrasonic pulses containing essentially
one cycle at | MHz and a 1:10 duty cycle could generate
cavitation with a 20 atm. threshold acoustic pressure
amplitude [18]. Roy and Fowlkes [19] have demonstrated
that the sensitivity of the chemiluminescent technique is
lower than that of passive acoustic detectors of the type
discussed later. Luminol luminescence persists for about
1/20th second afier the cavitational processes which gen-
erate the excited species has ceased [20], The other disad-
vantage of the chemiluminescent system is that it necessitates
considerable interference with the liquid, making it less
suitable for use with, say, hinlngical systems [4§5.2.2a(ii)].
Biological effects of cavitation may be related to either
the smmdu mical [21] or physical [22] mechanisms. Cavi-
tation can produce a great many effects which have proven
to be so complicated in mechanism as to make them as yet
unsuitable for use in measurement beyond the most rudi-
mentary indication of the type of cavitation occurring.
E \ampicsul these include the bioeffects associated with gas
depletion when bubbles grow by rectified diffusion [23],

microstreaming [24] and with the highspeed translation of

bubbles under radiation forces [25].

As discussed in Part I, whilst sufficiently energetic cavi-
tation may be detected through the chemical effects and
damage it will generate, the process of relating such obser-
vations to gain information about the bubble field can be
difficult, as the mechanisms by which these effects can arise
are complicated (particularly, as is often the case, when
many bubbles are involved). However the volume changes
associated with transient cavitation may be coupled to
acoustic fields, and provide a more readily interpretable
signal.

Detection through acoustic emissions

Bubble volume changes can cause the emission of acoustic
waves [26,27]. In Part I some of the emissions associated
with the nonlinear oscillations of stable bubbles were dis-

cussed. Transient cavitation can also generate acoustic
emission. 1)(‘#"(‘[]&'1‘?1(}' does exist: line S[.)CC[I"([ and
18

broadband signals, for example, have been detected from
both transient and stable cavitation. In certain circum-
stances some Rig’llil]\' prove to be unsuitable for bubble
detection since it is not always possible to determine the
type of bubble activity 1up(m~.1hlr for its generation.

In 1980 Neppiras (1] summarised the available e xperi-
mental data as a progression of emissions. If a liquid
containing a bubble population is insonated at low power
levels, continuous-wave at the fundamental frequency v,
the detected acoustic emissions are at v only. At higher
intensities, but below the threshold level required to gen-
erate transient cavitation, harmonics are emitted at integer
mutltiples of v up to high order. The 2v emission is promi-
nent, its amplitude being proportional to the square of the
fundamental. Low-level broadband continuum noise is
present, which becomes very strong as the transient cavi-
tation threshold is approached. The v/2 subharmonic
appears intermittently, the duration of the emission being
much shorter than the ‘off-times’. Other subharmonics
and ultraharmonics can be detected.

The increases in the broadband continuum, harmonic,
ultraharmonic and subharmonic emissions above that
encountered in stable cavitation, have the potential for
indicating the onset of violent cavitation. The increase in
the subharmonic prompted some workers in the past to
use it as an indicator of the onset of transient cavitation.
However this is not recommended, as it does not provide
a unique and unequivocal indicator [3,4]. If conditions
allow the assumption that only transient cavitation is oc-
curring, then subharmonic generation may occur through
the prolonged expansion phase and delayed collapse which
can occur during transient cavitation, the bubbles surviv-
ing for one, two or three acoustic cycles before collapse [2].
Neppiras [1] also suggests that a form of periodic unstable
oscillation of a bubble driven at twice its resonance near
threshold, might emit at subharmonic frequencies. How-
ever, as Vaughan and Leeman [5] stated in 1986, “the
generation of fractional harmonics, in particular the first
and third half-harmonic, is a general characteristic of non-
linear bubble pulsation and does not specifically indicate
the occurrence of transient cavitation”. The excitation of
harmonics, subharmonics, and ultraharmonics through
the nonlinearity inherent in the pulsation of m(ll\l(llml
bubbles was described in Part I.

Three other theories for the generation of the
subharmonic in stable cavitation were summarised in 1980
by Neppiras [1]. The firstis parametricamplification by the
liquid: if propagation through the medium itself is
nonlinear, parametric excitation can occur in the absence
of bubbles. The second is that the lower frequency emis-
sions might originate from surface waves on the bubble
wall. In 1969 Neppiras [28] wrote “Although it has never
been found possible to relate subharmonic signals with
surface-wave activity on the bubbles, surface waves would
be expected !umnn‘ilmlc to the v/2 signals — the possibility
is not yet ruled out.” The third theory suggests that such
emission might be the result of the acoustic field acting on
a pu])ul,u:nn of bubbles containing, either wholly or in
part, bubbles with an equilibrium radius twice the size of
the radius which would be the pulsation resonance of the
acoustic field [29]. Similar mechanisms involving progres-
sively larger bubbles to account for the lower subharmonics
were proposed. This mechanism does not explain the
subharmonic emissions from sillglc bubbles.

When one has a poorly-characterised sound field acting
upon an unknown bubble population, the fact that a signal
may arise by more than one mechanism makes it unsuit-
able as a sizing tool. For a large bubble population in a
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powerful acoustic field, commonly some bubbles will be
undergoing stable, and some transient, cavitation. All the
above mechanisms may operate. In addition broad band
contributions may arise. Stable bubbles may contribute to
this noise through the emission of microbubbles from
large-amplitude surface waves [30], or to reversion of the
oscillations of shocked bubbles out of the steady-state, so
that their own natural frequencies appear in the spectrum
[1]. Such ‘noise’ would then be dependent on the bubble
population, and have structure. Random frequencies,
unconnected with v, were thought to be the result of the
shock excitation of large bubbles which would then oscil-
late at their own natural pulsation resonances [28,31].
Broad band contributions from transient cavitation are
discussed in the next section.

Attempts to correlate acoustic with other indicators of

transient cavitation range from investigations on the re-
lationship between acoustic emission and cavitation ero-
sion [32], to attempts to monitor the effect of ultrasound
on biological materials. Examples of the latter include the
exploitation of subharmonic acoustic emissions [33], and
additionally broad band acoustic signals [34], to relate the
acoustic emission to the biological effects and damage
induced by the ultrasound in cells suspended in vitro.
Eastwood and Watmough [35] measured the sound pro-
duced when human blood plasma was made to
sonoluminesce. Attempts to correlate the presence of the
half-harmonic with the onset of violent cavitation and
sonoluminescence are inconclusive [4§4.4.7]. Experiments
have shown that the appearance of the half-harmonic is
not correlated to the onset of sonoluminescent activity [36-

39].

The most effective methods for acoustic detection of

transient cavitation usually employ acoustic signals that
can be more readily interpreted in terms of cavitation
characteristics. These are discussed in the following sec-
tion.

The acoustic detection of transient cavitation
The concept of a steady-state resonant response, as dis-

cussed in Part I, is inappropriate for the dynamics of

transient cavitation, the detection of which following
insonation by short, microsecond pulses of ultrasound
being of particular importance. This is because of the
clinical relevance of such pulses, and the need to assess the
likelihood of cavitation-induced effects during exposure.
By the mid 1980’s calculations suggested that transient
cavitation could occur in liquids in response to such ultra-
sonic pulses [40-44]. Free radical production in response
to the high temperatures generated within the collapsing
bubble had also been indicated for microsecond pulses in
experiments [18, 45-48]. Of particular importance for
clinical applications are techniques which are minimally
invasive beyond the effect caused by the primary cavitating
beam. These fall into two broad types: those which detect
the pressure wave emitted into the liquid on rebound, and
those which exploit the enhanced reverberation of the
primary beam which the bubbles cause.

Detection through rebound pressure pulses

In 1968 West and Howlett [49] set up a 20.25 kHz (con-
tinuous-wave) standing-wave condition in a cylindrical
transducer filled with degassed tectrachloroethylene. At
certain times, related to the phase of the continuous-wave
field, they nucleated the medium using a pulsed neutron
source. The shock waves emitted by the collapsing bubbles
were used to count the number of cavitation events (up to
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25 bubbles per second, compared to about one per minute
when no neutron source was used).

The short duration of rebound shocks indicates a broad
frequency content. Negishi [50] found a continuum in the
acoustic spectrum occurred when he detected
sonoluminescence. Kuttrufl [51] confirmed these results
by examining the circular shock waves produced by cavi-
ties undergoing transient collapse using schlieren optics.

Roy et al. [62] subjected liquid to a continuous-wave
spherically-symmetric stationary acoustic field generated
at 61.725 kHz within a spherical resonator. The acoustic
pressure amplitude was automatically ramped until cavi-
tation sufficient for the detection of sonoluminescence
through photomultiplication just occurred. In addition
the operator could listen in on the liquid contained within
the spherical cavitation cell via headphones connected to
a microphone. Audible ‘clicks’ or ‘pops’ were taken to
indicate transient cavitation. They found that the pressure
threshold for audible sound emission was always less than
or equal to that for sonoluminescence. They deduced that
“sound and light emission indicate thresholds for two
different types of phenomena associated with transient
cavitation”, and concluded that “if one desires a threshold
for *violent’ cavitation, then sonoluminescence is a fitting
criterion”, and that “light emission may serve as an ideal
indicator of what Apfel [40] calls the ‘threshold for tran-
sient-violent cavitation’.”

The resonant bubble detector (RBD) described in Part
I has been employed in attempts to detect the ‘stable’
bubble products following shock-induced transient cavita-
tion downstream from the exposure site of a Dornier
System lithotripter [53]. Extracorporeal shock wave
lithotripsy (ESWL) is a technique by which short pulses of
high pressure are focused into the body in order to break
kidney or gall stones [54]. The 1.65 MHz continuous-wave
RBD wassensitive to bubbles of radius R,=2+ 0.5 pm at the
detection site. Though bubbles were detected in vitro in
water and blood, and in blood pumped by the heart
through a plastic arterio-venous shunt, cavitation was not
detected in vivo in the canine abdominal aorta. The RBD
effectively detects through the stable oscillations it excites
in relatively long-lasting bubbles.

Since lithotripter cavitation is characterised by transient
cavitation and rapid changes in bubble size, the stable
bubbles being the remnants from collapse, a more direct
form of detection would employ the energetic emissions
associated with rapid changes in bubble size. Coleman et
al. [565, 56] detected cavitation produced by an
electrohydraulic lithotripter using, as a passive remote
hydrophone, a focused bowl lead zirconate titanate (PZT)
piezoceramic transducer, of 100 mm diameter and 120
mm focal length in water, the focus measuring 5 mm (on
axis) by 3 mm wide. This transducer had a 1 MHz reso-
nance: the detection process would therefore correspond
toits response to the broad band signal characteristic of the
rebound pressure pulse. It is interesting to note that a
skilled operator can, by listening to the secondary acoustic
emissions during clinical lithotripsy, determine whether
or not the shock has hit the stone [57].

Passive acoustic detection through reverberation

If an ultrasonic pulse causes transient cavitation, the sud-
den extensive bubble growth associated with the event may
cause enhanced reverberation of the ultrasonic pulse, both
through the presence of the expanded bubbles, and through
the increase in gas bodies present after the collapse (the net
volume of gas in the fragments may be greater than that
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contained within the seeds owing to the exsolution of
previously-dissolved gas during the expansion). Atchley et
al. [68] used this enhanced scattering to find acoustic
pressure thresholds for the cavitation as a function of pulse
duration 1, and pulse repetition frequency v, at insonation
frequencies of 0.98 and 2.30 MHz, for distilled, degassed,
deionized water, filtered to 0.2 pum and seeded with hydro-
phobic carboxyl latex particles (1 pm diameter). Similar
experiments [562, 59, 60] used short tone bursts of ultra-
sound to find the threshold acoustic pressure amplitude
for transient cavitation in a fluid which was carefully
prepared to remove uncontrolled seed nuclei (eg solid
particles) before the introduction of a known nuclei popu-
lation (including Albunex™ spheres, and hydrophobic
polystyrene spheres of nominal radius 0.5 pum).

Fig 2 shows the output of the passive detector of Roy et
al. [61] with and without cavitation. The top trace (a)
illustrates the primary pulse from the 757 kHz transducer,
followed by a stable low-amplitude background resulting
from muluple-path scattering and reverberation in the
fluid-filled test chamber. Its stability is testament to the
stationary nature of the scattering surfaces. In the lower
trace, (b), this scattered background contains a perturba-
tion indicative of a time-varying scatterer, which Roy et al.
showed to be at the focal region of the primary transducer.
Such signals indicate cavitation. The apparatus used to
obtain this result in addition contained an active detection
system, and is described in the next section.

Active acoustic detection

A system which is more sensitive to bubbles in the micron
size range is the active detector described by Roy et al. [61].
Subsequent to their production by the pulse from the first
transducer (v=757 kHz; v,,,= | kHz; 1, =10 ps), the
cavitation bubbles then backscatter high frequency pulses
(v=30 MHz; 1,=10 ps) from a second transducer. Roy et
al. [61] in fact deployed both active and passive acoustic
detectors in their system, which is illustrated in Fig. 3. The
cavitation cell and the electronics associated with the trans-
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Fig 2. The output of the passive detector with and without eavitation.
(a) prmfw 1y pulse from the 757 kHz transducer, followed by a stable
low-amplitude background resulting from multiple-path scattering and

reverberation in Hw chamber. Scale: 1 Vidiv. (b) The scaltered back-
ground contains a pert urbation indicative of a time-varying scallerer.
Secale 1.4 Vidro. Note the difference in vertical scales between the two
traces. After (with permission) Roy et al. [61].
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ducers are shown in (a), whilst in (b) the fluid management
apparatus (a closed-flow system) is illustrated.

From the reservoir, where the fluid is degassed using
a vacuum pump, it is then sequentially deionized, cleared
of organics, and filtered down to 0.2 pm. The fluid is then
passed into the cell, which can be flushed of impurities
using flow rates up to 5 litres/minute. Acoustic streaming,
generating flows of up to 3 cm/s, could be used to convect
nuclei into the focal region. The cavitation cell is substan-
tially similar to those employed in the passive detection
studies described above. Separated from the test chamber
by a 9 um thick stainless steel acoustic window is a second
chamber containing an identical fluid and an absorber of
rho-c™ rubber (so-called as it is impedance matched to
water).

This is done to minimise spurious reflections and inhibit
the introduction of standing-waves (the steel window pre-
vents contamination of the test liquid by dirt or small
particles from the rubber). The 757 kHz transducer, which
generates the cavitation and is therefore labelled the “pri-
mary’, is mounted on a two-dimensional translating stage
to enable its focus to coincide with that of the 30 MHz pulse-
echo detector. The 1 MHz unfocussed transducer is cou-
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Fig 3. A system employing both active and passive acoustic detection.(a)
The cavitation cell and associated electronics. The primary beam, which
causes cavilation, is generated by the focused 757 kHz transmitter. The
I MHz receiver is used for passive detection, and the 30 MHz
transmitter/receiver used for active detection.(b) The closed-flow circu-
lation system for cleansing and degassing the sample liquid. The
cavitation cell’ shown is detailed in (a). From [4], after (with permis-
sion) Roy et al. {61].
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Fig 4. The active acoustic detection of bubbles. (a) The electrical signal
which drives the 757 kHz primary transducer (scale: 50 Vidiv). (b) The
signal from the active detector system in the absence of cavitation, the
main pulse representing the interrogating 30 MHz signal (scale: 100
mV/drv). (c) The signal from the aclive detector in the presence of the
cavilation generated by the 757 kHz transducer (scale: 100 mV/div).
The reflected signal from the bubbles is clearly evident in (c). The
oscilloscope digilizing rate was 100 Msamples/s. After (with permission)
Roy et al. [61].

pled with gel to the cell, opposite the 30 MHz active
detector.

Fig. 4 shows (a) the electrical signal which drives the 757
kHz primary transducer, which in turn generates the
cavitation. Trace (b) shows the signal from the active
detector system in the absence of cavitation, the main pulse
representing the interrogating 30 MHz signal. Trace (c)
shows the signal from the active detector in the presence
ofthe cavitation generated by the 757 kHz transducer. The
reflected signal from the bubbles is clearly evident.

Holland and Apfel [59] comment that, when the thresh-
olds measured by the active and passive systems for very
similar fluid systems (eg having the same polystyrene
sphere and gas concentrations) were compared, they were
found to be very close, suggesting that the acoustic pres-
sure threshold to cause one bubble to go transient in this
system is the same as that required to make a cloud of
bubbles go transient.

Holland etal. [62] used the active detection system alone
to investigate in vitro transient cavitation from short-pulse
diagnostic ultrasound, both imaging M-mode and Dop-
pler, under conditions comparable to the clinical situation,
with v=2.5 or 5 MHz. Cavitation was detected in water
seeded with 0.125 pm mean radius hydrophobic polysty-
rene spheres at 2.5 MHz, with a threshold peak negative
pressure of 1.1 MPa, in both M-mode and Doppler
insonations. No cavitation was detected at 5 MHz even at
peak negative pressures as high as 1.1 MPa. No cavitation
was detected in water seeded with Albunex™ at either
frequency.

Madanshetty et al. [63] discuss the effect of the sensor
system on the cavitation threshold for water containing a
microparticle suspension. With the active system turned
oft the passive system detected a cavitation threshold at
around 15 bar; with the active system on the latter detected
athreshold at only 7 bar. This implies that either the active
system is more sensitive, or that it encourages cavitation
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itself, or both. The fact that the passive system also detects
a reduction in threshold (to around 8 bar) suggests that
both might be true. and that the cavitational effect of the
active system might be considerable. To investigate this
Madanshetty etal. [63] reduced the peak negative pressure
from the active transducer to only 0.5 bar, so that its
influence on transient cavitation should be negligible, and
found that the active detector alone at this intensity could
not generate cavitation events. They found that the active
detector could effect cavitation through the streaming it
develops (which is promoted by its high frequency and
focused nature). This flow convects nuclei into the cavita-
tion zone. A second mechanism by which the active detec-
tor can affect cavitation is through the accelerations it
imparts to particles. The combination of these accelerations
with the density contrast generates kinetic buoyancy forces
These cause tiny gas pockets on the surface of solid p.u-
ticles to aggregate into gas patches of a size suitable to act
as nuclei for cavitation. Another possibility suggested by
Madanshetty et al. [63] is that potential nuclei, which
would normally be driven by the 0.75 MHz transducer,
would be detained in the region where the fields are
strongest by cross-streaming with the flow generated by
the active transducer, so enhancing the likelihood of a
cavitation eventat lower insonating pressures. Citing simu-
lation results of Church [64], Madanshetty et al. [63] rule
out the possibility of the active detector influencing cavi-
tation through rectified diffusion.

In comparison with the passive detector, the active
detector seems to be more sensitive, may aflect cavitation
itself, and is sensitive predominantly in its focal region, so
may more readily be used to give a degree of spatial
information. On the other hand, the passive detector is
sensitive to a larger region of space, and remains continu-
ally alert for cavitation: for the active detector to operate
its interrogating pulse must arrive at its focus at the instant
when the transient bubbles are present. There are impli-
cations regarding the strain placed on the user of these
systems inherent in the nature and display of the detected
signals [63].

Conclusions

Transient cavitation can produce a number of effects
which may be used to detect and, to some extent, quantify
it. Chemical, biological, and erosive effects may be difficult
to interpret in order to obtain information about the
cavitational field and bubble dynamics. Acoustic emissions,
based on the rebound shock, and the excess scattering by
the cavitation bubbles either of the field that induced the
growth, or of a second field applied specifically for detec-
tion purposes, may be particularly useful in detecting the
transient growth and collapse phases. However it should
be noted that transient cavitation often is seeded by a pre-
existing nucleus, which may itself be stable [4§2.1; 65, 66].
After the event there will be gas body remnants, which
again might be stabilised or not. Fragmentation will pro-
duce daughters, increasing the number of such bodies.
Therefore the detection of stable bubbles, as discussed in
Part 1, may be employed to characterise the origins and
products of transient cavitation.

Acknowledgements

The author wishes to thank NERC (SIDAL 00670) and
SERC for funding. This article contains material from The
Acoustic Bubble (T G Leighton), Academic Press, London,
1994,

Relerences on page 25

23



Bubble Detection

9.

30.
3l

32,

36.
37

38,

39.

References

Neppiras, EA, Acoustic cavitation. Phys Rep 1980; 61:159-251.

Apfel, RE, Methods in Experimental Physics Vol. 19 (Ed. Edmonds, PD)
Academic Press, New York 1981; 355-413.

Walton. A], Reynolds, G T Sonoluminescence. Advances in Physics 1984; 33:
595-660.

Leighton, T G, The Acoustic Bubble (Academic Press, London) 1994
Vaughan, PW. Leeman, S. Some comments on mechanisms of
sonoluminescence. Acustica 1986; 59: 279-281.

Vaughan, PW, Leeman, S. Acoustic cavitation revisited Acustica 1989; 69:
109-119.

Vaughan, PW, Leeman, 8. Transient cavitation: Fact or Fallacy? Ultrasonics
International 89 Conference Proceedings, 1989, pp. 1259-1264

Margulis, MA. Investigation of Electrical Phenomena Connected with Cavi-
tation. 1. On Electrical Theories of Chemical and Physiochemical Actions of
Ultrasonics. Russ, |. Phys Chem 1981; 55: 154-158

Golubnichii, PI, Sytnikov, A. M, Filonenko, D. Electrical nature of ultrasonic
luminescence and possibility of testing the hypothesis experimentally. Sov
Phys Acoust, 1987; 33(3).

. Lauterborn W, Bolle H. Experimental investigations of cavitation-hubble

collapse in the neighbourhood of a solid boundary. J Fluid Mech 1975; 72:
391-399

. Plesset, MS, Chapman, R B. Collapse of an initially spherical vapour cavity

in the neighbourhood of a solid boundary, |. Fluid Mech 1971; 47: 285-290.

. Leighton, TG, Walton AJ, Field JE. The high-speed photography of tran-

sient excitation. Ultrasonics 1989; 27: 370-373.

. Lush PA, Sanada N, Takayama K. 1987. Proc 7th Int Conf on Erosion by

Liquid and Solid Impact (ed. | E Field and | P Dear). Cavendish Laboratory,
Cambridge, UK. paper 24

. Hansson I, Mgrch KA, Preece CM, 1978. Ultrasonics International 1PC

Science and Technology Press Lid, Guildford, United Kingdom 77, p. 267

. Chaudhri MM, Field JE. The role of rapidly compressed gas pockets in the

initiation of condensed explosives. Proc Roy Soc Lond 1974; A340: 113-128

. Suslick, KS, Hammerton, D A, Cline, R E, Jr. The sonochemical hot spot.

| Am Chem Socl986; 108: 5641-5642.

. Makino K, Mossoba MM and Riesz P. Chemical effects of ultrasound on

aqueons solutions. Formation of hydroxyl radicals and hydrogen atoms. |
Phys: Chem. 1983;104:1369-1377

. Crum, L A, Fowlkes, ] B. Acoustic cavitation generated by microsecond

pulses of ultrasound, Nature 1986; 319: 52-54.

. Roy, R A, Fowlkes, |. B. A comparison of the thresholds for free-radical

generation and transient cavitation activity induced by short pulses of
ultrasound. ]. Acoust Soc Am Suppl. 1 1988; 84:536.

. Finch, R D. Sonolutminescence. Ultrasonics 1963; 1: 87-98
. Clarke, P R, Hill, C R. Physical and chemi

| aspects of ultrasonic disruption
of cells. | Acoust Soc Am 1970; 50: 649-653

. Carstensen, E L, Campbell, D S, Hoffman, D, Child, S Z, Aymé-Bellegarda,

E J. Killing of drosophila larvae by the fields ofan electrohydrauliclithotripter.
Ultrasound in Med & Biol 1990; Vol 16, No. 7: pp. 687-698.

3. Watmough, D ], Dendy, P P, Eastwood, L. M, Gregory, D W, Gordon, F C

A, Wheatley, D N. The biophysical effects of therapeutic ultrasound on Hela
cells. Ultrasound Med, Biol, 1977; Vol. 3: pp. 205-219.

24, Rooney, | A. Shear as a mechanism for sonically induced biological effects.

J. Acoust Soc. Am. 1972; 52: 1718,

. Miller DL, Williams AR. Bubble cycling as the explanation of the promotion

of ultrasonic cavitation in a rotating tube exposure system. Ultrasound Med
Biol 1989:15: 641-648

. Esche, R. Untersuchungder schwingungskavitation in flissigkeiten. Acustica,

1952; 2: (Akust. Beih.) AB208-AB218.

. Bohn, L. Acoustic pressure variation and the spectrum in oscillatory cavi-

tation. Acustica 1957; 7: 201-216.

. Neppiras, EA. Subharmonic and other low-frequency emission from bubbles

in sound-irradiated liquids. |. Acoust. Soc. Am. 1969; 46: 587-601.

24, Giith, W. Nichtlineare Schwingungen von Lufiblasen in Wasser. Acustica

1956; 6: 532-538.

Neppiras EA, Fill EE. A cyclic cavitation process. | Acoust Soc Am 1969;
46:1264-1271

Neppiras EA. Subharmonic and other low-frequency signals from sound-
irradiated liquids. | Sound and Vibration, 1969;10:176

Basu 8. Accelerated cavitation screening of organic coatings using acoustic
emission technigue. Trans, ASME, |. of Vibration, Stress, and Reliability of
Design, 1984;106: 560-564

. Morton KI, ter Haar GR, Stratford 1J, Hill CR. Subharmonic emission as

an indicator of ultrasonically-induced biological damage. Ultrasound Med
Biol 1983; 9: 629-633

. Edmonds, PD, Ross, P, Acoustic emission as a measure of exposure of

suspended cells i vitro. Ultrasound in Med & Bio 1986; 12: 297-305.

5. Eastwood, LM, Watmough, D], Sonoluminescence, in water and in human

blood plasma, generated using ultrasonic therapy equipment. Ultrasound
in Med & Biol1976; 2: 519-323.

lernetti G. Pulsed ultrasonic cavitation. Part I: Cavitation noise, lumines-
cence thresholds, nucler distribution. Acustica 1970; 23: 189-207

Ceschia M, lernetti G, Cavitation threshold model verified through pulsed
sound cavitation in water. Acustica 1973; 29:127-137

Margulis MA, Grundel LM. The ultrasonicluminescence of a liquid near the
cavitation threshold. 1. The development of the pre-threshold luminescence
of a liquid in an ultrasonic field. Russ. J. phys. Chem. 1981; 55: 386-389
Margulis MA, Grundel LM. Irradiation of a liquid with ultrasound near the
cavitation threshold. 2. Fundamental irregularities of sonoluminescence at

March 1995

low ultrasound intensities. Russ, |. |)lu's. Chem., 1981; 55: 989-991

40. Apfel. RE. Acoustic cavitation prediction. |. Acoust Soc Am 1981; 69:1624-
1633.

41. Apfel, RE. Acoustic cavitation: a possible consequence of biomedical uses of
ultrasound. Br | Cancer 1982; 45 (Suppl V): 140-146.

42, Apfel, RE. Possibility of microcavitation from diagnostic ultrasound. IEEE
Trans Ultrasonics, Ferroelectrics, Freq Control 1986; UFFC-33: 139-142.

43. Flynn, HG. Generation of transient cavities in liquids by microsecond pulses
of ultrasound., | Acous Soc Am 1982; 72: 1926-2932,

44. Carstensen, EL, Flynn, HG. The potential for transient cavitation with
microsecond pulses of ulirasound. Ultrasound Med Biol 1982; 8: L720-
L724.

45. Crum, LA. Fowlkes, |B, Cavitation produced by short acoustic pulses.
Ultrasonics Intl Proc 1985; 1:237-242.

46, Fowlkes, |B, Crum, LA, Cavitation threshold measurements for microsec-
ond pulses of ultrasound, ]| Acous Soc/Am 1988; 83: 2100-2201.

47. Carmichacl, AJ], Massoba, MM., Reisz, P, Christman, CL. Free radical
production in aqueous solutions exposed to simulated ultrasonic diagnostic
conditions. |EEE Trans Ultrasonics, Ferro-electrics, Freq Control 1986;
LFFC-33: 148-155.

48. Christman, CL, Carmichael, A] Mossoba, MM, Riesz, P, Evidence for free
radicals produced in aqueous solutions bydiagnostic ultrasound. Ultrasonics
1987; 25: 31-34.

49, West, €, Howlett, R, Some experiments on ultrasonic cavitation using a
pulsed neutron source, Brit | Appl. Phys (] Phys D) 1968; Ser. 2, Vol. 1: 247

50. Negishi, K. Experimental studies on sonoluminescence and ultrasonic
cavitation. Journal of the Physical Society of Japan 1961; 16: 1450-1465

51, Kuttruff, H. Uber den zusammerhang zwischen der sonoluminesczenz und
der schwingungskavitation in flussigkeiten. Akustica 1962;12: 230-254 (in
German)

52. Roy, RA, Archley, AA, Crum, LA, Fowlkes, | B, Reidy. |]. A precise technique
for the measurement of acoustic cavitation thresholds and some preliminary
results. | Acoust Soc Am 1985; 78: 1799-1805.

53, Williams, AR, Delius, M, Miller, DL, Schwarze, W, Investigation of cavitation

56

w
-1

60,

61.

62,

63,

64

G5,

66.

in flowing media by lithotmipter shock waves both i vltre and in vive.
Ultrasound Med, Biol 1989; 15: 53-60.

. Sturtevant B. The physics of shock wave focusing in the context of extracor-
poreal shock wave lithotripsy. Intl. Workshop on Shock Wave Focusing.
March 1989, Sendai, Japan, pp. 39-64
Coleman A], Clloi MJ, Saunders JE and Leighton TG. 1992, Acoustic
emission and sonoluminescence due 1o cavitation at the beam focus of an
elecirohydraulic shock wave lithotripter. Ultrasound Med Biol 18, 267-281.
Coleman AJ, Whitlock M, Leighton TG and Saunders JE. 1993. The spatial
distribution of cavitation induced acoustic emission, sonoluminescence and
celllysis in the field of a shock wave lithotripter. Phys Med Bio, 38,1545-1560

. Olsson L, Almquist 1-0, Grennberg A, Holmer N-G. Analysis and classifi-
cation of secondary sounds from the disintegration of kidney stones with
acoustic shock waves, Ultrasound Med Biol 1991:17: 491-495.

. Atchley, AA, Frizzell, LA, Apfel, RE, Holland, CK, Madansheuy. S, Roy, RA.
Thresholds for cavitation produced in water by pulsed ultrasound. Ulra-
sonics 1988; 26: 280-285,

. Holland, CK, Apfel, RE. Thresholds for transient cavitation produced by

pulsed ulrasound in a controlled nuclel environment. |. Acoust Soc Am

1990; 88: 2059-2069.

Roy RA, Church CC, Calabreses A. Cavitation produced by short pulses of

ultrasound. Fronntiers of Nonlinear Acoustics, 12 ISNA, ed. Hamilton MF,

Blackstock DT Elsevier Applied Science, 476-491, 1990

Roy. RA, Madanshetty, S, Apfel, RE. An acoustic backscattering technique

for the detection of transient cavitation produced by microsecond pulses of

ultrasound. | Acous Soc Am 1990; 87: 2451-2455.

Holland CK, Roy RA, Apfel RE, Crum LA, fn-vitro detection of cavitation

induced by a diagnostic ultrasound system. IEEE Trans on UFFC1992; 39:

95-101

Madanshetty SI, Roy RA, Apfel RE. Acoustic microcavitation: its active and

passive detection. ] Acoust Soc Am 1991; 90: 1515-1526

Church, CC. A method to account for acoustic microstreaming when pre-

dicting bubble growth rates produced by rectilied diffusion. |. Acoust. Soc

Am 1988; 84:1758-1764.

Trevena DH. Cavitation and Tension in Liquids. Adam Hilger, Bristol and

Philadelpllia, 1987,

Atchley AA, Prosperetti A. The crevice model of bubble nucleation. | Acoust

Soc Am 1989; 86:1065-1084

NOISE CONTROL - Sourcebook 9

This source book brings together a wide range of essential
information sources for anyone interested in any aspect of noise
control. Itincludes guides to relevant organisations, standards,
legislation, training courses, suppliers etc. |t additionally provides
a selected listing of the important technical literature of the past
ten years. Further details from IMechE Library Services Tel 0171
973 1266/7.

25



