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Abstract	

The	way	in	which	a	cavitation	zone	develops	in	a	focused	pulsed	ultrasound	field	is	studied	in	this	

work.	 Sonoluminescence	 (SL),	 total	 hydrophone	 output	 and	 cavitation	 noise	 spectra	 have	 been	

recorded	across	a	gradual,	smooth	increase	in	applied	voltage.	It	is	shown	that	the	cavitation	zone	

passes	 through	 a	 number	 of	 stages	 of	 evolution,	 according	 to	 increasing	 ultrasound	 intensity,	

decreasing	pulse	period	and	increasing	ultrasound	pulse	duration.	Sonoluminescence	is	absent	in	

the	 first	 phase	 and	 the	 hydrophone	 output	 spectra	 consists	 of	 a	 main	 line	 with	 two	 or	 three	

harmonics	whose	 intensity	 is	much	 lower	 than	 that	of	 the	main	 (fundamental)	 line.	 The	 second	

stage	 sees	 the	 onset	 of	 SL	 whose	 intensity	 increases	 smoothly	 and	 is	 accompanied	 by	 the	

appearance	of	higher	harmonics	and	subharmonics	in	the	cavitation	noise	spectra.	In	some	cases,	

the	wide-band	(WBN)	component	can	be	seen	in	noise	spectra	during	the	final	part	of	the	second	

stage.	 In	 the	 third	 stage,	 SL	 intensity	 increases	 significantly	 and	often	quite	 sharply,	while	WBN	

intensity	 increases	 in	 the	 same	manner.	 This	 is	 accompanied	 by	 a	 synchronous	 increase	 in	 the	

absorption	of	ultrasound	by	 the	cavitation	zone,	which	 is	manifested	 in	a	 sharp	decrease	 in	 the	

hydrophone	output.	In	the	fourth	stage,	both	SL	and	WBN	intensities	tend	to	decrease	despite	the	

increased	voltage	applied	to	the	transducer.	Furthermore,	the	fundamental	line	tends	to	decrease	

in	 strength	 as	 well,	 despite	 the	 increasing	 ultrasound	 intensity.	 The	 obtained	 results	 clearly	

identify	 the	 different	 stages	 of	 cavitation	 zone	 development	 using	 cavitation	 noise	 spectra	

analyses.	We	then	hypothesize	that	three	of	the	above	stages	may	be	responsible	for	three	known	

types	 of	 ultrasound	 action	 on	 biological	 cells:	 damping	 viability,	 reversible	 cell	 damage	

(sonoporation)	and	irreversible	damage/cytotoxicity.	
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1.	Introduction	

High	power	ultrasound	has	been	used	in	a	number	of	industrial	and	chemical	fields	for	quite	some	

time.	It	is	now	widely	accepted	that	ultrasound	can	accelerate	physical	and	chemical	processes	[1–

3],	 as	 well	 as	 generate	 specific	 ultrasonic	 phenomena,	 such	 as	 the	 inverse	 ultrasonic	 capillary	

effect	[4],	and	the	direct	electromotive	force	[5].	

The	large	number	of	applications	that	ultrasound	has	in	experimental	and	clinical	therapies	have	

all	 received	 increasing	 amounts	 of	 attention	 in	 recent	 years.	 This	 interest	 is	 motivated	 by	 the	

promising	results	obtained	during	the	study	of	ultrasonically	induced	biological	effects	including,	I)	

enhanced	cell	membrane	permeability	which	 improves	the	delivery	of	small	compounds,	macro-

molecules	and	other	therapeutics	into	cells	and	tissues,	i.e.	sonoporation	[6–9];	II)	DNA-	mediated	

transfection	 [10,11];	 III)	 tumour	 growth	 reduction	 [12,13],	 and	 IV)	 the	 activation	 of	 specific	

compounds	 triggering	 antitumor	 or	 antimicrobial	 activity	 [14–17].	 It	 is	 believed	 that	 cavitation	

plays	an	 important	 role	 in	 these	bio-effects.	 Three	 types	of	ultrasound	action	on	biological	 cells	

have	 been	 identified	 [6–18];	 damping	 viability,	 reversible	 cell	 damage	 (sonoporation)	 and	

irreversible	damage/cytotoxicity.	It	is	possible	that	these	types	of	action	derive	from	the	different	

properties	 that	 cavitation	 displays	 under	 different	 conditions,	meaning	 that	 the	monitoring	 and	

control	 of	 cavitation	 is	 therefore	 an	 important	 factor	 in	 the	 successful	 use	 of	 ultrasound	 in	

medicine	and	biology.	

It	should	be	noted	that	the	above	effects	are	non-thermal.	One	of	the	possible	ways	of	avoiding	

overheating	 when	 studying	 the	 non-thermal	 effects	 of	 ultrasound	 on	 biological	 cells	 is	 to	 use	

pulsed	 ultrasound.	 In	 fact,	 the	 influence	 of	 pulse	 parameters	 on	 cavitation	 activity	 has	 been	

studied	in	previous	works	[19–23].	It	has	been	shown,	that	pulse	duration,	pulse	period	and	pulse	

amplitude	affect	the	size	distribution	of	cavitating	bubbles	and	that	the	cavitation	activity	that	is	

estimated,	 for	 example	 by	 sonoluminescence	 intensity,	 can	 be	 enhanced	 in	 pulsed	 fields	when	

proper	pulse	parameters	are	chosen.	

Pulsed	ultrasound	has	been	used	to	study	the	stages	of	cavitation	zone	development	in	this	work.	

We	have	shown	that	the	cavitation	zone	passes	through	a	number	of	stages	of	evolution	(states)	

according	 to	 increasing	 ultrasound	 intensity,	 decreasing	 pulse	 period	 and	 increasing	 ultrasound	

pulse	 duration.	 This	means	 that,	 under	 stable	 conditions	 (when	 ultrasound	 intensity	 and	 other	

process	parameters	are	constant),	cavitation	can	be	found	to	be	in	one	of	the	above	states.	
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2.	Experimental	

The	experimental	set-up	is	described	in	detail	elsewhere		[23]	(Fig.	1).	

The	experimental	chamber	was	a	stainless	steel	cylinder	of	100	mm	diameter	and	160	mm	height.	

The	dissolved	gas	was	air.	A	focusing	40	mm	diameter	piezoceramic	transducer	with	a	resonance	

frequency	of	 fo	=	720	kHz	was	mounted	on	 the	cell	bottom.	The	hydrophone	was	placed	 in	 the	

chamber	 in	 such	 a	 way	 as	 to	 ensure	 that	 its	 spherical	 sensitive	 piezoceramic	 unit	 (2	 mm	 in	

diameter	 and	 0.2	 mm	 in	 wall	 thickness)	 was	 at	 a	 distance	 of	 30	 mm	 from	 the	 centre	 of	 the	

transducer	focal	spot.	Its	output	was	labelled	“H”.	The	central	region	of	the	chamber	was	viewed	

using	a	∅	25	mm	light-guide	on	a	photomultiplier	Philips	XP	1110,	whose	output	was	labelled	“L”.	

The	hydrophone	and	photomultiplier	were	connected	to	a	Hewlett	Packard	54601	multi-	channel	

memory	 oscilloscope.	 The	 hydrophone	 output	 was	 connected	 to	 a	 spectrum	 analyser,	 Hewlett	

Packard	E4411B,	after	preamplification.	

In	 pre-cavitation	 conditions,	 the	 maximum	 sound	 pressure	 measured	 by	 the	 calibrated	

hydrophone	is	linearly	related	to	the	voltage	applied	to	the	transducer;	Pmax(bar)	=	0.096(bar/V)	

U(V).	

The	radiator’s	power	was	supplied	by	a	computer-controlled	generator	(UZG	08-01,	BSUIR,	Minsk)	

equipped	 with	 a	 system	 of	 automated	 resonance	 frequency	 tuning.	 The	 maximum	 generator	

output	power	of	70	W	was	achieved	at	an	applied	voltage	amplitude	of	275	Vp-p.	The	temperature	

θ	of	the	liquid	was	continuously	monitored	by	a	thermocouple.	

The	experimental	procedure	started	with	the	test	chamber	being	filled	with	distilled	water.	After	

being	kept	in	the	chamber	for	24	h,	the	liquid	was	subjected	to	degassing	by	ultrasound	for	20	min	

at	170	Vpp	transducer	voltage	(≈10	W/cm2).	As	a	result,	the	air	content	decreased	by	20–25%	of	

the	equilibrium	value	[23].	The	preliminary,	partial	degassing	of	the	liquid	considerably	increases	

the	 reproducibility	 of	 the	 results	 since,	 after	 treatment,	 the	 gas	 content	 remains	 practically	

unchanged	under	the	influence	of	ultrasound	and	during	the	measurements.	
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3.	Results	and	discussion	

Fig.	 2	 shows	 the	 results	 of	 the	 simultaneous	measurement	 of	 photomultiplier	 output	 L	 (upper	

panel)	and	hydrophone	output	H	(lower	panel)	data,	while	transducer	voltage	Up-p	was	increased	

linearly	by	a	computer	controlled	generator,	at	a	rate	of	7	V/s.	

Hydrophone	output	H	increased	linearly	with	time,	over	the	5–12.5	s	time	period,	at	the	beginning	

of	the	experiment.	This	means	that	any	 loss	of	ultrasound	energy	from	absorption	by	bubbles	 is	

negligible,	 i.e.	 ultrasound	 intensity	 is	 below	 the	 cavitation	 threshold.	 The	 dashed	 line	 in	 Fig.	 2	

shows	how	H	would	be	dependent	on	applied	voltage	as	long	as	cavitation	would	be	absent.	

The	 slope	 of	 the	 H(t)	 curve	 then	 tended	 to	 decrease	 after	 12.5	 s,	 evidently	 as	 a	 result	 of	 the	

cavitation	bubbles	emerging	in	the	focal	zone.	

SL	emissions	(Fig.	2,	upper	panel)	appeared	at	intensities	above	those	of	the	background	flashes,	

from	approximately	 the	16th	 second	onwards.	This	 instant	 is	marked	on	 the	graph	by	an	arrow	

and	 is	 labelled	 as	 Th1	 (first	 threshold	 of	 transient	 cavitation).	 From	 this	 point	 on,	 hydrophone	

output	began	to	pulse	across	a	range	of	intensities.	SL	intensity	was	seen	to	increase	slowly	after	

its	appearance	(16–26	s).	

The	 deviation	 of	 the	 H(t)	 curve	 from	 the	 straight	 dashed	 line	 and	 the	 distribution	 of	 pulse	

intensities	registered	by	the	hydrophone	were	evidently	caused	by	bubble	formation	in	the	focal	

zone.	Both	large,	stable	bubbles	and	bubbles	which	were	still	in	the	growth	phase	had	the	effect	of	

lowering	acoustic	 transparency	 in	 the	 focal	 region,	which	may	be	the	reason	 for	 the	 lower	peak	

values	of	H,	whereas	collapsing	bubbles	produce	shock	waves,	which	might	be	the	reason	for	the	

higher,	overall	H	values.	

At	another	critical	voltage,	which	we	shall	hereinafter	name	the	second	threshold,	the	slope	of	L(t)	

changed	 considerably	 and	 SL	 intensity	 rose	 sharply.	 This	 instant	 in	 time	 has	 been	 labelled	 Th2	

(second	threshold	of	transient	cavitation).	Sudden	increases	in	L	were	accompanied	by	a	widening	

of	the	distribution	of	recorded	hydrophone	output	values.	Both	maximal	and	average	values	of	H	

were	observed	to	drop	 in	a	step-wise	manner	under	 those	conditions.	 It	would	appear	 that	 this	

can	be	accounted	for	by	the	onset	of	an	avalanche-like	multiplication	of	cavitation	bubbles	[20].	

Quick	 growth	 in	 the	 number	 of	 active	 bubbles	 in	 this	 stage	 leads	 to	 an	 increase	 in	

sonoluminescence	intensity	and	to	a	sharp	increase	in	the	loss	of	ultrasound	energy,	as	caused	by	

absorption	in	the	cavitation	zone.	

The	 above	 results	 allowed	 us	 to	 identify	 the	 following,	 discrete	 cavitation	 zone	 development	

stages.	During	the	first	stage,	SL	 is	absent	(Fig.	2,	upper	record),	ultrasound	energy	absorption	is	



	 6	

low	and	the	hydrophone	output	dispersion	of	impulses	is	absent.	Rectified	diffusion	possibly	leads	

to	bubbles	 beginning	 to	 grow	which	 slightly	 increases	ultrasound	energy	 absorption	 and	 causes	

the	downward	deviation	of	H	(t)	from	the	hypothetical	dashed	line	(Fig.	2,	lower	record).	

In	the	second	stage	(time	period	from	Th1	to	Th2),	sonoluminescence	appears	and	is	accompanied	

by	the	distribution	of	the	hydrophone	output.	Respective	threshold	voltages	are	Uth1	and	Uth2.	

Ultrasound	 absorption	 is	 not	much	higher	 here	 than	 in	 stage	 one.	 The	 third	 stage	 of	 cavitation	

zone	development	(after	Th2)	manifests	itself	in	the	rapid,	and	often	extremely	sharp,	increases	in	

both	SL	intensity	and	ultrasound	absorption	by	the	cavitation	zone,	the	latter	of	which	causes	the	

sharp	decrease	in	hydrophone	output	at	Th2.	This	stage	is	usually	much	shorter	than	the	previous	

one	 and	 would	 appear	 to	 be	 associated	 with	 the	 onset	 of	 an	 avalanche-like	 multiplication	 of	

cavitation	bubbles	[24].	The	third	stage	is	considered	to	be	finished	when	the	rapid	increases	are	

complete	 and	 SL	 intensity	 variation	 becomes	 slow.	 In	 the	 fourth	 stage,	 cavitation	 activity	 tends	

towards	 saturation	 and	 may	 then	 remain	 constant	 or	 decrease	 slowly,	 whereas	 ultrasound	

absorption	 tends	 to	 increase.	The	saturation	of	cavitation	activity	 following	by	 its	decrease	with	

ultrasound	intensity	increase	can	be	seen	in	results	obtained	by	authors	[25–28].	

Figs.	3	and	4	show	how	SL	intensity,	L,	and	hydrophone	output,	H,	depend	on	pulse	duration	τ	and	

pulse	period	T,	respectively,	when	constant	voltage	is	applied	to	the	transducer.	Pulse	duration,	τ	

(Fig.	 3),	 was	 increased	 from	 its	 starting	 point	 of	 0.1	 ms,	 while	 pulse	 period,	 T	 (Fig.	 4),	 was	

decreased	from	T	=	1000	ms.	Experiments	were	carried	out	in	this	manner	in	order	to	decrease	the	

impact	of	the	previous	experiment	on	the	results	of	the	subsequent	one.	The	period	of	exposure	

to	ultrasound,	before	measurements	were	made,	was	20	s	at	 the	chosen	U,	T	and	τ	values.	The	

rest	time	between	measurements	was	30	s.	

SL	intensity	(curves	1)	increases,	achieves	its	maximum	and	then	decreases	with	increasing	pulse	

duration	 (Fig.	 3)	 and	 decreasing	 ultrasound	 pulse	 period	 (Fig.	 4).	 The	 first	 thresholds,	 τth1	 and	

Tth1,	 are	 the	 threshold	 values	 of	 pulse	 period	 and	 pulse	 duration,	 respectively,	 at	 which	 SL	

appears	at	the	given	transducer	voltage	U	(150	V,curve	1).	The	second	thresholds,	τth2	and	Tth2,	

are	 the	 thresholds	 at	 which	 SL	 intensity	 increases	 abruptly.	 Hydrophone	 output,	 H,	 decreases	

abruptly	 at	 τth2	 (Fig.	 3)	 and	 at	 Tth2	 (Fig.	 4)	 due	 to	 an	 increase	 of	 ultrasound	 energy	 loss	

(absorption)	 in	 the	 cavitation	 zone,	 which	 is	 caused	 by	 the	 increase	 in	 bubble	 volume	

concentration.	

Three	 stages	 of	 cavitation	 zone	 development	 can	 be	 identified	 here	 in	 Figs.	 3	 and	 4;	 the	

appearance	and	relatively	slow	increase	in	SL	intensity,	which	is	accompanied	by	a	slight	decrease	
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in	H.	Then,	we	see	a	 rapid	 increase	 in	SL	 intensity	and	sharp	 increase	 in	ultrasound	energy	 loss,	

manifested	in	the	decrease	in	H.	Finally,	we	see	L	reaching	its	maximal	value	and	a	decrease	in	SL	

intensity.	The	 three	 stages	 in	Figs.	3	and	4	 correspond	 to	 stages	2,	3	and	4	 in	Fig.	2.	 Stage	1	of	

cavitation	zone	development	is	not	seen	under	the	experimental	conditions	in	Figs.	3	and	4.	

Fig.	5	shows	the	results	of	recording	hydrophone	pulses	on	a	time	scale	that	 is	comparable	with	

ultrasound	 pulse	 duration	 at	 the	 various	 stages	 of	 cavitation	 zone	 development,	 which	 were	

collected		from	Fig.	4.	It	can	be	seen	that	SL	intensity	grows	with	ultrasound	pulse	time	over	the	

first	 two	stages	 (Fig.	5a	and	b).	 In	stage	3	 (Fig.	5c),	 it	grows	quickly	at	 the	very	beginning	of	 the	

ultrasound	 pulse,	 achieves	 its	 maximum	 value	 and	 then	 decreases	 slowly.	 The	 SL	 intensity	

maximum	is	achieved	at	very	beginning	of	 the	pulse	 in	stage	4	 (Fig.	5d),	before	then	decreasing	

quickly.	This	behaviour	may	be	interpreted	in	terms	of	cavitation	zone	oversaturation	by	bubbles.	

By	 “oversaturation”,	 we	 intend	 conditions	 under	 which	 an	 increase	 in	 bubble	 volume	

concentration,	caused	by	an	increase	in	voltage	applied	to	the	transducer	(or	ultrasound	intensity),	

an	 increase	 in	pulse	duration	or	a	decrease	 in	ultrasound	pulse	period,	 leads	to	a	decrease	 in	SL	

intensity.	

The	decrease	in	cavitation	activity	under	saturation	and	oversaturation	conditions	has	previously	

been	discussed	[24,26,29],	and	is	essentially	due	to	the	screening	action	of	the	cavitation	field	and	

inter-	 bubble	 impact.	 An	 increase	 in	 the	 intensity	 of	 bubble	 interactions	 and	 a	 simultaneous	

increase	 in	 bubble	 concentration	 will	 increase	 the	 probability	 of	 bubble	 deformation	 and	 non-

spherical	 collapse;	 non-spherical	 collapse	 is	 less	 effective	 in	 generating	 shock	 waves	 and	 high	

temperatures	inside	bubbles	[29].	

The	 first	 two	 cases	 (Fig.	 5a	 and	 b)	 correspond	 to	 relatively	 low	ultrasound	 intensities.	 Rectified	

diffusion	 is	 slow,	while	 bubble	 number	 and	 size	 grow	 slowly	 and	 do	 not	 achieve	 the	 saturation	

condition	during	pulse	period.	

At	higher	ultrasound	intensities	(Fig.	5c	and	d),	the	saturation	of	the	cavitation	zone	is	achieved	at	

the	 beginning	 of	 the	 ultrasound	 pulse,	 after	 which	 the	 cavitation	 zone	 becomes	 oversaturated	

with	bubbles,	leading	to	a	decrease	in	cavitation	activity.	The	oversaturation	of	the	cavitation	zone	

by	bubbles	explains	the	decrease	in	SL	intensity	that	occurs	after	maximal	values	are	achieved,	i.e.	

the	transition	to	the	fourth	stage	in	the	above	experiments	(Figs.	2–4).	

Fig.	6	shows	cavitation	noise	spectra	taken	at	different	stages.	

Only	one	peak,	f0	(not	shown	here),	was	found	in	the	spectra	at	ultrasound	intensities	below	the	

cavitation	threshold.	Peaks	2f0	and	3f0	may	appear	 in	the	first	stage.	 In	the	second	stage,	higher	
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harmonics,	nf0	(n	=	1,	2,	3…),	subharmonic,	1/2	f0,	and	frequencies,	cf(n	+	1/2)	f0,	can	be	seen	in	

the	spectra.	Harmonics	up	to	(5–7)f0	can	normally	be	seen	at	the	second	stage.	In	the	third	stage,	

wide-band	 (WBN)	 signals	 appear	 in	 the	 cavitation	 noise	 spectrum	 as	 well.	 The	 stronger	 the	 SL	

intensity	 is	during	 this	 stage	of	 cavitation	 zone	development,	 the	higher	are	 the	harmonics	 that	

can	be	seen	in	the	spectra	and	the	stronger	are	their	intensities.	

The	main	frequency	f0	and	the	broadband	component	intensities	decrease	in	the	fourth	stage	(Fig.	

5d),	while	 subharmonic	 intensity	 increases.	 The	 characteristics	 of	 the	 cavitation	 noise	 spectrum	

change	essentially	as	a	consequence	of	the	transition	from	one	stage	to	the	other,	proving	that	the	

different	insonation	modes	can	be	identified	via	its	spectral	analysis.	

In	summary,	 it	 is	seen	that	the	cavitation	zone	in	a	focused	ultrasound	field	passes	through	four	

evolution	stages	(states)	according	to	increasing	ultrasound	intensity,	decreasing	pulse	period	and	

increasing	 ultrasound	 pulse	 duration.	 This	 means	 that,	 under	 stable	 conditions,	 i.e.	 when	

ultrasound	intensity	and	other	process	parameters	are	constant,	cavitation	can	be	found	to	be	in	

one	 of	 the	 above	 states.	 It	 is	 possible	 that	 the	 different	 states	 of	 cavitation	will	 have	 different	

effects	on	both	the	physical	and	chemical	processes	that	occur	in	liquids	and	biological	objects.	

We	therefore	hypothesize	that	a	link	exists	between	the	three	known	types	of	ultrasound	action	

on	biological	cells,	I)	damping	viability,	II)	reversible	damage	of	cells	(sonoporation),	III)	irreversible	

damage/	 cytotoxicity,	 and	 three	 of	 the	 above	 cavitation	 zone	 development	 stages,	 which	 have	

been	identified	and	differentiated	for	the	first	time	in	this	work.	The	verification	of	this	hypothesis	

will	be	the	subject	of	future	work.	
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4.	Conclusions	

The	following	stages	of	cavitation	zone	development	have	been	identified	using	the	above	results:	

1.	 The	 first	 stage	 corresponds	 to	 the	 appearance	 of	 cavitation	 bubbles	 which	 pulse	 at	 low	

amplitude	 in	 a	 nonlinear	mode.	 Sound	 absorption	 at	 this	 stage	 is	 not	much	 higher	 than	 in	 the	

liquid	when	bubbles	are	not	present,	meaning	that	the	bubble	volume	concentration	is	low	at	this	

stage.	

2.	SL	emissions	appear	in	the	second	stage.	Ultrasound	energy	loss,	or	absorbance	in	other	words,	

is	 slightly	 higher	 in	 the	 first	 stage.	 Under	 these	 conditions,	 SL	 intensity	 is	 low	 and	 rises	 slowly,	

while	ultrasound	intensity	increases	across	a	wide	range.	The	growth	in	both	the	number	and	the	

size	of	bubbles	may	be	considered	the	reason	for	the	increase	in	absorbance.	

3.	 In	the	third	stage,	both	absorbance	and	SL	 intensity	grow	sharply,	 indicating	that	both	bubble	

volume	 concentration	 and	 collapse	 efficiency	 increase	 significantly.	 SL	 intensity	 increases	 as	 a	

result	 of	 this	 transition,	 by	more	 than	one	order	 of	magnitude	 in	 some	 cases,	while	 ultrasound	

absorption	more	than	doubles.	

4.	In	the	fourth	stage,	cavitation	activity	tends	towards	saturation	and	can	then	remain	constant	or	

decrease,	whereas	ultrasound	absorption	tends	to	increase	in	this	stage.	

5.	The	characteristics	of	the	cavitation	noise	spectrum	change	essentially	as	a	consequence	of	the	

transition	 from	 one	 stage	 to	 another	 and	 may	 serve	 as	 a	 means	 of	 identifying	 the	 various	

sonication	modes.	
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Fig.	 1.	 (a)	 Experimental	 setup:	 (1)	 generator,	 (2)	mixer,	 (3)	 pulse	 generator,	 (4)	 transducer,	 (5)	

photomultiplier	 tube,	 (6)	 intensive	 cavitation	 zone,	 (7)	 focal	 spot	 of	 the	 transducer,	 (8)	

hydrophone,	 (9)	 light-tight	box,	 (10)	preamplifier,	 (11)	oscilloscope,	 (12)	 spectrum	analyser,	 (13)	

PC.	 (b)	Schematic	diagram	representing	the	pulse	scheme:	(T)	pulse	period	of	ultrasound	pulses,	

(τ)	pulse	duration.	
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Fig.	2.	 Simultaneous	 recording	of	 SL	 intensity	 L	 (upper	panel),	 and	hydrophone	output	H	 (lower	

panel),	T	=	30	ms,	τ	=	3	ms,	θ	=	23	±	2	°C.	The	oscilloscope	was	operated	in	peak	mode.	Cavitation	

zone	stages	are	separated	by	dashed	vertical	lines.	
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Fig.	3.	Photomultiplier	output,	L,	and	hydrophone	output,	H,	versus	ultrasound	pulse	duration,	τ,	

at	ultrasound	pulse	period	T	=	100	ms:	Up-p	=	150	V,	θ	=	23	±	1	°C.	
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Fig.	4.	Photomultiplier	output,	L,	and	hydrophone	output,	H,	versus	ultrasound	pulse	period	T	at	a	

pulse	duration	of	τ	=	5	ms:	Up-p	=	150	V,	θ	=	23	±	1	°C.	

	

	

	

	

	

	

	

	

	

	

	

	

	



	 17	

	

	

Fig.	5.	Hydrophone	output	H	 (upper	diagram	 in	every	pair)	 and	photomultiplier	output	 L	 (lower	

diagram	in	every	pair)	at	the	different	stages	of	cavitation	zone	development:	(a)	the	end	of	stage	

1;	(b)	stage	2;	(c)	stage	3;	(d)	stage	4.	T	=	30	ms,	τ	=	3	ms,	Up-p,	V	=	105	(a),	175	(b),	210	(c)	and	

255	(d),	θ	=	23	±	1	°C.	
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Fig.	6.	Cavitation	noise	spectra	at	different	stages	of	cavitation	zone	development	in	the	focused	

ultrasound	 field:	 (a)	 stage	 one,	 below	 SL	 threshold;	 (b)	 stage	 2,	 from	 SL	 threshold	 to	 a	 sharp	

increase	in	SL	intensity;	(c)	stage	3;	(d)	stage	4.	Pulse	period	T	=	30	ms,	pulse	duration	τ	=	3	ms,	θ	=	

23	±	21	°C.	

	

	

	


