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When ultrasound passes through a liquid. bubbles may be produced. These can subsequently collapse. adiabatically
heating the gas contained to several thousand kelvin. creating free radicals. The radicals may undergo radiative
recombination, giving rise to sonoluminescence. Therefore the presence of sonoluminescenoe may indicate potential
biohmrd.
Experiments have shown that~ when ultrasound is pulsed. the amnt of sonoluminescenoe from unstable cavitation
may increase. contrary to tlte expected mulLTwo theoris for this are proposed. tested. and found to be satisfactory.
Both rely on the migration of bubbles away from bubble aggregates during the off-time of the insonation. Such
migrations would: a) reduce local degassingof the liquid at these aggregates. so promoting bubble growth by rectified
diffusion there; b) remove regions which have an acoustic impedance very different to that ofthe pure liquid (and would
thus otherwise attenuate the passage of sound to the bubbles). Experimean with agar gels of varying viscosity suggest
that both mechanisms worlt togethen
The driving forcefor thee migtations could arise through (i) buoyancy, (ii) acoustic streaming forces. or (iii) a
coupling of the acoustic pressure field with the bubble oscillation at the end of each sound pulse The particular
driving force dominating iii a given regimen depends cm the size of the active bubbles. and so is frequency dependent:
for therapeutic ultrasound (operating at lMHz). process (iii) is responsible for the migrations

INTRODUCTION
The enhancement of cavitational efi‘ects that has been observed in some acoustic pulsing regimens has never been
explained satisfactorily. The existatoe ofa transient excitation mechanism has been established [I]. and the effect of
this when the sound is pulsed has best demonstrated at 10 kHz. In this paper. the sonoluminescence from pulsed
clinical ultnsound is discussed. to see whether pulse enhancement occurs; and if it does. whether it is due to transient
excitation alone or coupled with other, possibly dominant. mechanisms.

EXPERIMENTAL RESULTS
The experiment is dacribed in Pickwonh et H.121. Sonoluminscence is act-mm noun a IMHL therapeutic uluusuutid
field by photomultiplication. The results are ill the form of a population distribution for dterphatnmultiplier output
pulses, shown as a function ofthe enagy of those pulsa ("teamed in arbitrary units). An example of such a graph is
shown in figure la. where the sonoluminescence from aeraned water at 22°C is shown for the continuous~wave
insonnlion. and for the duty cycles 1:2. 1:4 and [:7 (the duty cycle '3 the ratio of the on-time to the off-time). Since
the Therasonic 1030 has a fixed pulse length of 2 ms. the duty cycles of 1:7~ 1:4 and 1:7 therefore represent off-times
of 4nts. 8m: and 14m: respectively. This is illustrated in figure 2.
The background count is negligible on this logarithmic scale. The fall-off irt each curve for pulse heights of less than
1 unit is due to sauntion of the counting sysuem. Calculations show that such effeco are negligible for pulse heights
greater than this. Note that the count scale is logarithmic. so that difietences between curves are in fact considerable.
and were entirely reu'oducible.

DISCUSSION
Mammals-at
Without pulse athanoemettk one would expet: the mnitude of the sonoluminescence to increase in ascending order
for H. 1:4. l:2 andconu‘nuous-wave, and the count rate ratios to be respectively 1/8 : t/s : lI‘J : 1 (ie. in the ratios
of the total insonao‘on titties). This can be seen from figure Z If the light output were to depend only on the total
insonation time. then the magnitude of the sonoluminncutce expected in uch case would be in the ratios of the
shaded area in figure 2 (taken over asufficiently long firm). These expected results are sent for the smaller pulse
heights. but notfor the larger pulsa when the light output in inueasing Oldfl' is for continuous-wave and then for the
duty cycle 1:2. 1:4 and finally 1:7 .
If transient excitation wue the sole cause of this pulse athamemettt. one would expect the count rate to increase with
the number of start: of pulses contained within a given interval. From figure 2 it can readily be seen that this would
lead to the magnitude ofthe luminescence occurring in increasing order for continuous-wave. l:7. 1:4 and then 122‘
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This is indeed the case for pulse heights between 1.2 and 4.2 units. The fact that this is not'the order for the larger

pulses Suggdu tltat. while transient excitation is a patent mechanism in some acoustic regimens [I]. its effects in

this I MHz system are observable only in a limited range of pulse heights. Outside this region, other factors must

dominate. I
To explain the form of figure la beyond this nnge. two alternative mechanism are postulated. Both rely on the

reasonable assumption that the brightest light flashes are the product of the most intense cavitational collapses. They

are referred to as the 'degassing' and'intpedanoe' mechanisms.

1.] The degassing mechanism. The first mechanism (subsequuttly referred to as the 'degassing' theory) refers to the

cyclic process of a bubble growing by rectified diffusion from a nucleus to neonant size (or to the transient cavitation

threshold. if this occurs first). where it collapses unstany to produce bubble fragments. These fragments then grow to

resonant size. to themselves collapse. and so on. Within uch oscillatory cycle. there is a finite chance. of the bubble

undergoing unstable collapse. a chance which increases as the bubble approaches resonant size. Therefore. the more

cycles it takes for a bubble to grow to resonant size by rectified diffusion. the more likely it will collapse before

reaching resonant sire. Such a oollapse would produce a lower-atergy light pulse.

During a prolonged period of insonation. bubbles of less than resonant size. growing by rectified diffusion, cluster at

the pressure antinodes under the influence of Bjerlmes forces [3). As they grow, they will deplete the water in the

region of dissolved gases. This can be seat from the fact that the diffusion length of air in water. after a time t. is

given by trim) , where D is the diffusivity of dissolved air in water. and equal to about 10-5 curls-l [4]. Thus in 2
ms (the latgth of each sound pulse) the gas difiusion length in water is 2.! jun. which is very much less than the

node-antinode spring in a l MHz field (- 0.75 mm). Therefore during insonation the pressure antinodes will become

partially degassed This will make each bubble oscillation less efficient in drawing dissolved gas into itself from the

liquid and so it will take more oscillations to grow to resonant size than would a bubble in water that remined fully

aerated (figure 3:). Therefore. on average. this type of growth would mutt in more of the Iowermgy light pulses.

lf, when the sound was pulsed. the bubbles were to migrate during the off-time in such a way as to break up these

antinodal clusters. and to disturb the liquid distribution at the antinodes, then at the start of the next pulse when the

Bjerknes forces drove them back to the antinode. this region would be flushed with fresh aerated water. Rectified

diffusion would consequently be ntore efficient. and the bubbla would be more likely to reach resonant size before

collapsing unstably. This would result in me higher-energy flashes of sonoluminescence.

Thus the form of figure I would be explained: continuous-wave insonation causes buhhle clustering which leads to

antinodal degassing. resulting in more low-energy sonoluntinescent pulses. On the ether hand. when the sound is

pulsad. degas'tng does not occur to so great an extent. bubble growth is thus more rapid. and so more of the higher-

energy sonoiurnineaoutt pulsa are deemed. The long: the off-time. years the effect.

This theory is substantiated by observations by Blake [6] who describes a phenomenon called 'ultrasonic degasing'.

Here liquid in the locality of cavitating bubbles becomes degassed. Blake noticed that once strong cavitation was

obtained in water which was continually sts'ned. the intmsity of the cavitation would show a marked decrease a few

seconds after the stirrer was switched off.

1.2 The impedance theory. The second theory (subsequently tanned the 'irnpedance' theory) is schematically illustrated

in figure 3b. During insonau‘on. the bubbles of Isa than resonant size (ie. the source of sonoluminescence) clusrer at

the pressure antinodes. An acoustic irnpedame mismatch cart occur at the interface between regions of high and sparse

bubble concattt‘atinna (ie at the outer layers of the antinodal clustas). hindering the transfer of sound from one region

to the next. Sound from the body ofthe liquid is attenuated before it reaches the bubbles at the hem of the cluster. The

reduced acoustic pressure arnpliatdm will result in less cavitation. arid so is sonolurninescence (particularly of the

most intmse type). However if bubbles migrate during the off-times when the sound is pulsed. these clusters will

break up. At the start of the next pulse. the sound will reach all the bubbles at full amplitude. and the most intense

sortoluminesoene pulses will be detected (particularly when the effect of mientexcitation is considered). Thus. the

form of figure I is produced: andnodal aggregates form during continuous-wave insonation. and the bubbles in the

interior are shielded by an impedance mismatch. and so fewer highctergy collapses occur; when the strand is pulsed.

these aggregates are broknt up. and more ofthe high-energy sonolurninescent pulses are recorded. The longer the off-

time. the greater the effect.

‘ This Chance arises from the fact that random rarities in the inhomogeneous acoustic field around a bubble can cause

unstable collapse. A growing bubble can experim such violent surface oscillations that acoustic shear forces tear

microbubbles from its surface: this may happen so rapidly that the bubble explodes in an unstable collapse [5].

Obviously. the larger the bubble. the weaker the surface tension which maintains sphericity. and so the more

pronounced the surfire oscillations.
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Figure 3. Diagrantntulic rcptusenlzttinns of the l\Vt) migration llIL‘flliL'h ‘l'he degassing thmry: bubbles gmwing by
rectified diffusinn take fewer ttscil . ms to teach rcsnn. cc size (or the lrulNicnl cavitation threshold) in an. d warm

than they do in partially dcflzlfied water. Therefore bubbles tend to Cnllzlm resonance (or llltcSthd) size r “ltd
water. whereas in partially deagnsscd water they collapse befure reaching this size. Therefore then: s more
luminescence at the higher pulse heights in aerated water. and nntreat the lower pulse height: in partially degassed
water. h) The impedance theory.
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Both theories rely on the flushing ol' bubblu from the antinodal regions during the off~times. The further the
migraIiOn. the more the enhancement. so both tlieta'ies wont to increase the luminescence as the off-time increases.
if the experiment were to be performed in a more viscous medium. the migrations would be greatly reduced. One
might expect the cross-over seen in figure I to disappear. and die count rates to be increase in the order of duty cycle
I27. 1:4 and l:2. with the most luminescence from continuous-wave insonation. the count rate now being simply a
function of total time of insonation. (Previous experiments suggested that transient excitation is inhibited by the
greater Viscosity of the agar.) Therefore to test these two theu'ia, the pulse-energy distribution spectrum was obtained
in eartly the sante way as for wata, but this time in 1.875yl agar at 22°C. This substance had a viscosity of 170 2
IO cp.. and so was still fluid; since viscosity is a second-ads effect what discribing the actual bubble oscillations [7L
then the actual cavitational behaviour will he very sintilar to that in water. What will be different is the scale of the
migrations. which will be greatly reduced in agar (see section 2). The muls are shown in figure lb: the cross-Over has
disappeared. the count rates increasing in the order of duty cycle of 1:7. I24 and l:2. with continuous—wave insonation
the most luminescence. Therefore the hypothesis that cross-over is associated with bubble migrations is strengthened:
in addition. if theMM is taken from a series of agar solutions starting with pure water and gradually increasing
the agar ooncaitration. the cross-over first disappears. then reappears. then finally disappears again. This suggests that
the process is complex. probably involving more than one mechanism. ie. both the ‘degassing‘ and 'impedance'
mechanism may be involved.
However. for either theory to be considered seriously. there truist be a rezon for the bubbles to migrate from the
antinodal clusters. Some possibilities are discussed in the neat section.

2 l l . r H . .

2.] Passive placards. Buoyancy forces can cause bubble migrations. When insonau'on occurs. bubbles are held in

place by acoustic forces. Once the sound is switched off. the bubble can be moved by buoyant forces. lf R0 is the

equilibrium bubble radius (assumed constant since dissolution times are slower than the off-timu employed here (El).

then the inertial mass m of the bubble is 21tp(R°)3/3 (ie. half the mass of the displaced liquid [9]). where p is the

liquid density. If x is a measure of linear distance. and I] is the liquid viscosity. the buoyant drag forces on the bubble
cause a net aoceleradon: .

Artpg(R°)3B - 61:11 Rom/at) a m(d2xldl1) . i

The solution to this is
(dx/dl) e v‘(1-exp(-Al)) , 2

where v‘ is the terminal velocity. which is found by substituting this solution for it into equation l and setting tau to

give
4:p(Ro)3l3 = am any, . 3

aridlitaaie

A = amino/m u mllpfioz) . 4

Integration of equation 2 with respect to time shows tltat the distance x travelled by abubble in time t after the end of
insonation is

x n v.( 1 + (arm-Al) - 1)]A) . 5

At 1 MHz. 3 tan is the resonant bubble radius. Visual inspection hm shown that nodal bubbles have atypical radius
of 0.3 mm. though thee is much variation. Bearing in mind that at l MHz the node-antinode spacing is 0.375 mm.
the migration distances obtained from equation 5 for such bubbles show that'with the off-times used in this paper (ie.
)4 ms maximum). only the buoyant migrations of bubbles of larger than resonant site have the potential to break up
the antinodal chains in wars. in 1.875g/l agar. no significant migration occurs.

2.2 Active processes. Two such processu could occur. In both. the bubbles attain a certain velocity during some part
of the autistic pulse. Once the pulse ends. they continue moving. but with their velocity continually being decreased
by liquid drag. ‘l'haefcae before either process is dealt with in detail. it is necessary to formulate this timeleiation of a
bubble by viscous dug.  

  2.20) Decelemn'ori by viscous drag. If a bubble travels tinder no driving force through a liquid at speed v. drag forces
decelta'ate it: v

6m] Flov - - m(dvldt) . 6

Solving this equation shows that at a time tafter the driving force (here. due to the sound) has ceased. the bubble is

Proc.l.0.A. Vol 11 Part 5 (1989)



 

  

  

 

  
 

Proceedlngs of the Institute of Acoustics

'l'llE l'ULSE ENHANCEMENT 0F UNSTABLE CAVITATlON DY MECHANISMS OF BUBBLE MIGRATION

moving with a speed given by

v = Vo aux-AI) . 7

where A is as given in equation A, and where V0 is the bubble speed at 1.0. Substituting vudx/dt into equation 7 and

integrating with respeCt to time gives it. the distance moved in time t to be

it a v0( 1 - expat-Alum B

This formulation may nowbe applied to the two acoustically-driven processes.

2.21;) The migration of bubbles/10m streamers. In a standing wave system. the Bjedtnes forces drive bubbles of
smaller than resonant size to the antinodes. These bubbles follow specific routes and from their consequent appearance

are called streamers (figure 4). At the moment the sound ceases. a streamer bubble will have a certain speed v0, which

can be substituted into equation 8 to give the distance migrated by that bubble at times t after this point. To find the
value of Va the magnitude of the Bjericnes force [10] can be equated to the viscous drag force to give the speed of the

bubble vO if it is at a position y in the sound field when insonation ceases (assuming that tlte bubble speed responds

rapidly enough to changes in the position of die bubble in the field): -

[3 P. k to sin(2ky)/2] . ‘4IIR02/3] s cm Rovo ' 9

Here PR is the acoustic pressure amplitude, is the acoustic wave number and to the amplitude of the radial oscillations

at the pressure antinode.
Having calculated vo fromequation 9. the distance subsequently migrated by the bubble can be found from equation 8

and plotted as a function of its position in the sound field at the end ofthe acoustic pulse. This is done in figure 5 for

air bubbles of resonant size in water and in 1.87Syl agar.
A bubble ofradius Jurn travels no more titan about 2pm in water. Therefore the migration of bubbls from streamers

cannot cause pulse enhancement of sonoluminesceaee at l Nfl-lz. The migrations in agar are. of course. insignificant.

2.2:) Bubble migrations earned by acoustic impulses. Bjerltnes forces arise from the time-average of the :VZP

acoustic pressure forces. The instantaneous value of -V2P can be very much larger than its time average. because for

any given value of y it will be positive for one half of each acoustic cycle and negative for the other half. Thus. when

the pulse ends. the force acting on a bubble can be very variable. depending on the position of the bubble. the way in

which the transducer ceases vibrating. and an the damping of the system. Whatever its value. an impulse will be

delivered to the bubble whilst thesystem relaxm to zero.

An estimate of the magnitude of the impulse can be found bycalculating instantaneous (rather than time-average)

values of NY}, where V-V°(l-(]/R°)(§°sin(ky)cos(wt+rt)) and 1P=2kFAcos(ky)cos(wt) [10]. Here V0 is the

equilibrium bubble volume. and w the [caustic frequency. Then by assumingthat this force acts for about one quarter

of the'sound cycle. the impulse given to the bubble can be found. Dividing this by the inertial mass tn of the bubble
(defined above) gives the velocity change of the bubble at the end of the pulse. if we assume the bubble was at rest

during insonation (ie. it was eidter'a bubble of smaller than resonant sire near the pressure antinode. or of larger than

resonant size near the node). tltett we have found the velocity vo of the bubble at the start of the off-time [It should be

noted that if the bubble is not at rest (for example. if it was in a streamer, as is often likely)v then the initial velocity
vo . and consequently the distance miyated by the bubble may be much greater than this]. Once an stimate of v‘7 has

been obtained. then the distance migrated in time t can be found as a function of the initial position of the bubble. by
use of equation 8.
Such estirnats have been tirade. and the results are shown in figure 6. Since there are so many variables involved. the
eatimate has been made using maximum typical values of NEP. This overestimate is, however. roughly compensated

by the underestimate implicit in assuming that the bubble is nitialiy at rest.

From figure 6ait can be see: that a bubble of radius 3 um. in a 1 MHz sound field. could travel up to 8 pm in water,
so would be unlikely to cause pulse-enhancement. However. in the same sound field. there will be bubbles of greater
than resonant size at the pressure nods. These bubbles are clearly visible when the Tlterasmic 1030 is used. and their

radii are timated at being between 0.1 arid 0.5 mm . The migran'ons of bubbles of 0.3 tam radius are shown in
figure 6b. In a [Ml-{z sound field. such bubbla could litigate up to 8 cm in water unda the acoustic impulse This is
equal to over 60 acoustic wavelengths. It should be streased that. although the calculations used to plot this figure
were enact. there were so many variables (eg. amplitude of the bubble oscillation). that large variations from this
estimate can be expected f0! each individual bubble. Howeva. it gim an idea of the magnitude of the migration, and
since we are dealing with large numbers of bubbles. some will probably migrate such distances at the end of each
pulse. If only someof these nodal bubbles migrated in this way when the sound was pulsed. the antinodal clusters
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would bedtstnrbedsul'liciently to enhance sonolununescence. The maximum expected distances for migration in. a

l S75gl| agar solution are shown in figures 6c and 6d 1: can be seen that neither antinodal nor nodal bubbles will]
migrate sufficiently in agar to enhance sonoluminescenoe.

The evidence suggests that pulse en ant: ment at 1 MHz is do by the ’degassing' and 'i

Operating through a mechanism whereby the larger-Lhan-lemmnce nodal bubbles migrate during theoIT—time after

receiving a A VZP moust'm impulse, and in doing so flush smaflu—lhan—resollame bubbles away fromthe mum.

By examining the drag timescales predicted in socdon 2.2a it can be verified that the migration ofnodal bubbles is the
primary cause of the pulse enhancement. Figure II shows that enhancement of the brightest pulses increases as the
off-time increases, the maximum being lot a 1:1 duty cycle (ofi-tinte of 14 ITS). The salient results of section 2.2a can
he summarisui in the following table:

M m: afimé H 222 “m in mi gum“!!! in (by.

in 4mi- it has migrated 33% aftite tam! distance. This is equivalent in the ear-time at the 1:2 duty cycle.
in in: it has migrated 55% qfthe lam! distance. This is equivalent to the of—tt'me at the 1:4 dury cycle,
In 15ml: has migrated 75% afrh: total distance. Tth Li equivalent to the inf—time at the 1:7 duty cycle.

WW1“

[r the enhancement were due to the migration of antinodal bubbles (of radius 5 3 um). than we would expect that if

pulling the sound gave more sonoluminseence that continuous wave. all three duty cycles employed would give
identical light outputs per pulse This because after 7. us nosignificant increlse in migration occurs. The amount of
luminescence would simply go in order of the total intonation Little (ie. continuous-wave>1:2>1:4>1:7]. The fact that
increasing the off-time docs enhance the luminescence verifies that it is the migration of nodal bubbles which
enhances the sonoluminescentse.
The deducu'ons leading to this conclusion are summarised in figure 7, which refers hack to figure 1.

CONCLUSIONS
During continuous-wave insanation. bubbles of less than resonance size form aggregates at the pressure antinodes.
which deems the minutian by the mechlnsisms outlined in the "degassing" and "impedm' theories. In a
1 MHz. sound field. the migration ofnodal bubbles (whose radii ate greater titan resonance) could in tunt btealt up the
untinadal bubble aggregams as they pass thgrough them. and so cause pulse enhancemettt (as measured in figure la).
The migratory force is an impulsive one. proposed in section 2.2c .
Buoyancy may also contribute through the migrnu'on of atrial bubbles; h0wever, these migratictns are about one
hundred times smaller than those due to impulse. so their effectiveness will likely be correspondingly less. These
buoyant migrations will effect all the nodal bubbles; in all likelihood. the impulsive fort: will not do so. Therefore
the buoyant migrations will contribute. but probably not be dominant.
Transient excitation seem: to influence the luminescence. though to a lesser extent. Its effects are seen only at. dte

middle pulse-heights, where the cross-over means that the effects due to the two bubble migration mechanism are

hidden.
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figure 6. The distance migrated by abubble under the impulse. It is plotted as a function of the posan of the bubble

in the field atthe end of the lMHz acoustic pulse. and is shown at various times after the sound has ceased. a) Bubble

radius Jinn. tn waner. b) Bubble radius Mun. in water. c) Bubble radius Stun. in 1.87Sgll agar. :1) Bubble radius

300nm. in 1.87Syl agar.
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[1:1 - the light inmiry from the 1:4 duty cycle insonuion; 11:7 - the light intatsiry from the 1:7 duty cycle

Reasoning:
1. ll' then wue no pulse when-amt. we wander-pact ICW>ll:z>Il:4>ll:7 in mm. This is so only at low pulse

heights.
2. lt'the pttkemhametuentwuedue mmientexu‘minn. we wouldexpect ll:2>I|:4>Il:7>lCW in water. There is

someevidmceohhix in
3. If the pulse enhnunuu wee due to bitbble misc-tins. we would expect lCW>ll:1>ll:4>Il:7 in agar. This is

found in be no.
A. If the effect were due to the aim at animal bubbles. we would expect: ICW>ll:2>ll:4>ll:7 at both high

andlowpulseheighuinmflhis'nnatfmndtobeso.

5. If the effect well: due to the nuptial of nodal bubbles we would expect [cw>l1:2>l1:e>11:7 at low pulse

heights. and n:1>[1-.4)l1:z>lcw ll high pulse heights. in water. This is round in be so.

Deduction: Pulsemhmeematt in this lMHz system is dominated by the litigation of nodal bubbles (ie. those greater

thin resonant size). Tmuiem excitation contributes to a lesser extent.
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