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The acoustic transients emitted after breakdown and cavitation bubble collapse upon focusing
a @-switch laser pulse into a liquid are investigated with special emphasis on their
modifications induced by a solid boundary. For measuring the form p(#)/p,,, of the pressure
pulses an optical technique with a resolution of 10 ns has been developed. When p(#)/p .« 1S
known, the pressure amplitude can be determined even when a transducer with a rise time
much longer than the pulse duration is used. The duration of the transients (20-30 ns) and
their pressure are nearly the same after breakdown and spherical bubble collapse. During
spherical collapse, a maximum pressure of about 60 kbar is developed inside a bubble with
R,,.. = 3.5 mm, and on average 73% of the bubble energy loss is transformed into acoustic
energy. The sound emission near a solid boundary strongly depends on the normalized
distance y between the bubble and the boundary. The highest pressures at the boundary are
achieved for y-0; for y = 0.2 and R,,,, = 3.5 mm it has been found that p = 2.5 kbar. These
results are discussed with respect to the mechanisms of cavitation erosion important for
hydraulic cavitation, laser lithotripsy, and ocular surgery.

PACS numbers: 43.25.Yw, 43.30.Nb

INTRODUCTION

It is well known that, when the light from a Q-switched
laser is focused into a liquid, an optical breakdown may oc-
cur that leads to plasma formation, emission of an acoustic
transient, and generation of a cavitation bubble.'~> The cavi-
tation bubble is produced by the expanding plasma. There-
by, work is done against the outer pressure in the liquid, and
kinetic energy is transformed into potential energy stored in
the expanded bubble. The bubble implodes as a result of the
outer (static) pressure and a second acoustic transient is
emitted upon collapse.””'” When the bubble collapses in the
vicinity of a solid boundary, a high-speed liquid jet directed
toward the wall is produced,'® and the strength of the acous-
tic transient is reduced. The jet formation, as well as the
emission of the acoustic pulse, depends on the dimensionless
distance ¥ between cavitation bubble and wall,'~'® with

7/=S/Rmax’ (1)

where R, is the maximum bubble radius and 5 denotes the
distance between the location of the bubble formation and
the wall.

The interest in cavitation bubble dynamics mainly arose
from their destructive action on solid surfaces in hydraulic
machinery which is attributed to the impingement of the jets
and to the effect of the acoustic transients. Laser-produced
cavitation bubbles offer excellent possibilities for studying
these aspects of bubble dynamics in model experiments be-
cause they can be made highly spherical and are free from
mechanical distortions.?>*"'> Recently, laser-produced ca-
vitation bubbles have also become important in the medical
fields of ophthalmology and urology. In ocular surgery by
photodisruption®** and in laser-induced lithotripsy,?>?’
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laser pulses are used to produce an optical breakdown with
subsequent bubble formation. The surgical effect is related to
the mechanism of cavitation erosion because it is probably
due to the combined effects of the plasma, the bubble dynam-
ics, and the acoustic transients emitted during breakdown
and bubble collapse.?®*®

It is known from earlier experimental and theoretical
work on the sound emission upon spherical cavitation bub-
ble collapse that the pressure pulses have a duration between
10 and 40 ns,”""! which is much shorter than the rise time of
the fastest pressure transducers commercially available (ca.
150-300 ns). Similar values have been reported for the dura-
tion of the acoustic transients caused by the optical break-
down.>'"*-3! Exposing these transducers to the acoustic
transients to be measured, one records merely the impulse
response of the transducer, and the indicated pressure values
are lower than the actual ones. Self-made transducers with a
rise time of a few nanoseconds are, on the other hand, very
insensitive and have to be placed close to the center of the
spherical pressure waves. They are not well suited for mea-
suring the sound emission during spherical cavitation bubble
collapse because every boundary in the vicinity of the bubble
distorts its dynamics. We have, therefore, developed a tech-
nique to determine the pressure of short acoustic pulses by
using a sensitive pressure transducer with a frequency band-
width smaller than that of the acoustic pulse. For this, we
combined the recording of the acoustical signal with a
synchronously performed fast optical measurement of the
temporal profile of the pressure pulse. From these data, the
actual pressure value can be calculated if the transfer func-
tion of the transducer is known.?® The technique was used to
investigate the sound emission caused by the optical break-
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down and the bubble collapse and its modification through a
solid boundary in the vicinity of the bubble, the latter being
especially important for understanding the mechanism of
cavitation erosion.

. MEASUREMENT OF VERY SHORT PRESSURE
PULSES

For calculating the actual values of short pressure
pulses from the output signal and the transfer function of the
pressure transducer, the temporal profile of the pressure
pulse has to be known. It was shown by theoretical consider-
ations®*? and confirmed by our own measurements that the
profile p(t) of the acoustic transients from laser-produced
cavitation bubbles can be described by an exponential pulse:

p(t) =pne” "YPH(1), (2)
with
1, for >0,
t) =
H®) [O, otherwise.

Here, p,, is the peak pressure of the pulse and 7is its duration
at half-maximum. The Heaviside step function H(#) models
the shock front that, due to the high initial pressure values,
develops during the first 50 ns after the optical breakdown
and the bubble collapse, respectively.'"*
Application of the Fourier transform
+ o

F(v) = f(He= 2 dy

yields the frequency spectrum of the pressure pulse:

P(v) = P 1 —iQur/In2)v .
In2 1+ [(277/In2)v])?

When the pulse duration is much shorter than the rise time
of the pressure transducer, the spectral amplitudes of (3) are
nearly constant within the bandwidth of the transducer.
Therefore, the spectrum of the output signal can be approxi-
mated by

P (v) =P(v) T(V) = (p,, 7/ 2)T(v), (4)
with T(v) representing the transfer function of the trans-
ducer. In the following, we assume that the transfer function
is constant up to a certain cutoff frequency v, and zero for
higher frequencies. This approximation is nearly true for the
pressure transducer, which was used in the work reported in
this article. The cutoff frequency is linked to the rise time ¢,
of the transducer by

v, = 1/2t, (5)

and is most conveniently determined by measuring ¢, when
the transducer is hit by a laser-induced acoustic transient
with duration 7 <1 ,,. In a causal linear system, the imaginary
part of the transfer function is described by the Hilbert trans-
form of its real part.34 With the above assumption, this leads
to the expression

T(vy = {i rect (—1«’-—)
2 2v,
1 — _1__ _..I.., v — 2mtyv
+ l[( m/)* 3 rect(zvc)“e (6)
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(3)

for the transfer function of the present transducer, where
rect stands for the rectangle function

( v ) {1, for |v/2v,|<),
rect =
2v, 0, otherwise,
and * denotes a convolution. The linear phase factor at the
end of (6) represents the transit time ¢, of the signal passing
the transducer.

The output signal is obtained by combining (4) and (6)
and calculating the Fourier transform:

Pout (1) = (p,, 7/t In 2)sinc[ (¢ — 1,)/t, | H(t — t,),
@)

with
sinc[ (2 —#,)/1,] =sin[7(t — t;)/t, )/ [7(2 — 1) /1, ].

Comparison of (7) with (2) shows that the peak pressure of

an exponential pressure pulse is indicated too low by a factor
of

m=7/t,In2 (8)

when the pulse duration 7 is much shorter than the rise time
t, of the pressure transducer. On the other hand, if 7 and ¢,
areknown, (8) enables a correction of the indicated pressure
values. The factor m expresses how much the sensitivity of
the transducer is decreased compared to its nominal sensitiv-
ity due to the fact that the length of the pressure pulse is
shorter than the thickness of the sensitive layer of the acous-
tic probe.

Y

Il. OPTICAL DETECTION OF ACOUSTIC TRANSIENTS

The scheme for the optical detection of the temporal
profile of acoustic transients from laser produced cavitation
bubbles is shown in Fig. 1. Similar arrangements have al-
ready been used by other workers.**>-3" The cavitation bub-
bles are produced by focusing pulses from a Q-switched laser
into a cuvette with water. The probe laser beam from a cw
laser is expanded and collimated and illuminates the circular
aperture 1, the diameter of which is adjusted so that only the

I tw-laser } X

aperture 1

cuvette
with water

7 [] photodiode

FIG. 1. Sgieme for the optical detection of acoustic transients from laser-
produced-cavitation bubbles.
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central part of the beam with nearly homogeneous intensity
distribution can pass. This part is focused into the cuvette
and the focus is imaged onto the sensitive area of a fast pho-
todiode. The probe beam thereby passes a second circular
aperture that has the same diameter as the laser beam: The
probe beam waist in the cuvette is located close to thé emis-
sion center of the acoustic transients that is given by the
focus of the beam from the Q-switched laser. Vhen an acous-
tic pulse passes the probe beam waist, a transient angular
deflection ¢ of the probe is produced due to the refractive
index change caused by the pressure pulse. As a result, the
probe beam is partly blocked out by aperture 2 and the inten-
sity of light arriving at the photodiode is modulated.

The refractive index n(r,?) at the probe beam focus can
be separated into the normal refractive index n, of the liquid
and the refractive index change #, (r,) caused by the pres-
sure pulses. Up to a pressure of 2 kbar, #,(r,) is approxi-

}

U(¢) =

k4

holds, where U, is the photodiode voltage for ¢ = 0 and 2¢,
is the angle of deflection for which the probe beam is just
completely blocked out by the aperture. The deflection of the
probe beam leads to a reduction of the photodiode voltage
independent of its direction so that the voltage is a function
of the modulus of the deflection. As shown in Fig. 2, the
relationship U(¢) is nearly linear in a wide range of |¢|. The
measurement range and, consequently, the range of linearity
can be set by varying the fnumber of aperture 1 and 2. The
range of linearity is much larger than in the arrangements
described by Davidson et a/.,* Sullivan et a/.,>® and Sigrist.>’
Figure 2 also shows the relationship between U and ¢ for the
experimental apparatus described in the next paragraph.

09+ N\ .
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0.3 X -1
0.2 N ]
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FIG. 2. The normalized photodiode signal &7 /U, as a function of the angu-

lar probe beam deflection ¢: ---, theoretical curve for homogeneous intensity
distribution across the probe beam; —, curve determined experimentally
for the apparatus described in Sec. III.
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(2Uy/m) [cos™'(161/240) — ([81/260)V1 — ([81/245)7 ], for |2,
0

mately proportional to the pressure rise; for higher pressure
values, it increases less than proportionally.* In the linear
domain, the deflection ¢ (r,#) of the laser beam is given by™®:

19, () dp(rt)

9
B, Or at )

d(r,t) =

provided that the probe beam focus is small compared with
the dimenston of the acoustic transient; / is the interaction
length of the laser beam with the pressure pulse. Because of
the spherical geometry of the acoustic transients, (9) is only
an approximation. The exact relationship between #(r,7)
and p(r,t) can only be found by numerical ray tracing.*

The voltage signal U from the photodiode depends on
the area of overlap between aperture 2 and the probe beam
cross section. When the intensity distribution within the
probe beam is homogeneous, the relation

. (10)
otherwise

I
The deviations from the theoretical curve are due to the
Gaussian intensity profile of the probe beam.

In the approximately linear range of (10), one obtains
from (9) and (10) for the change of the photodiode voltage
caused by the pressure pulse

8p (r,0)
at

Uy — U(r) « . (11)

Thus the experimental probe beam deflection signal is pro-
portional to the modulus of the time derivative of the pres-
sure pulse at the probe beam position in the liquid.

Ill. THE EXPERIMENTAL ARRANGEMENT

The experimental arrangement for investigating the
acoustic transients from laser-produced cavitation bubbles
synchronously by optical and acoustical measurements is
shown in Fig. 3. The bubbles are generated in the cuvette
filled with distilled water by using a passively Q-switched
ruby laser which delivers pulses with an energy of upto 1J.
The focusing lens has a focal length of 25 mm and the cone
angle of the focused laser beam is 19.5° (in water). The large
cone angle was chosen in order to reduce the probability of
multiple optical breakdowns by limiting the volume with
suprathreshold light intensity. The transversal mode struc-
ture of the ruby laser is irregular, with many high-order
modes. The pulse energy is measured with a Hadron 102C
energy/power meter. The attenuation factor of the optics
delivering the laser pulse into the cuvette was determined in
preliminary experiments. For investigating the bubble col-
lapse near a solid boundary, a brass block is placed close to
the ruby laser focus. Some acoustic measurements have also
been performed with a TEM,, Q-switched Nd:YAG laser
with a pulse energy of up to 15 mJ. In this case, the cone
angle was 16° in air, i.e., about 12° in water.

For the optical detection of the acoustic transients, we
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employed an argon laser. In order to reduce the effect of
mode beats between the longitudinal resonator modes, the
laser is operated at an output power of 1 W. Thus the inter-
ference of a large number of independently oscillating modes
produces a light output with little modulation within the
frequency bandwidth registered by the photodiode. After at-
tenuation with a neutral density filter, the probe beam is
spatially filtered, expanded, collimated, and focused into the
cuvette. The focusing optics has an f number of 8.4 (in wa-
ter). The theoretical diameter of the focal spotis 7.2 um for a
diffraction limited system, but experimentally we deter-
mined a spot size of 15 gm. The deviation from the theoreti-
cal value is mainly due to the spherical aberrations intro-
duced by the cuvette with water. The temporal resolution of
the apparatus is 10 ns, corresponding to the time necessary
for the acoustic transients to travel through the probe beam
focus. The rise time of the photodiode (Iskra MA 7590) and
the storage oscilloscope (Tektronix 7834) is 2 and 1.2 ns,
respectively.

An aperture with a diameter of 200 um is placed directly
in front of the photodiode. It transmits the probe beam but
blocks out most of the light emitted from the plasma during
optical breakdown. Thus the plasma spark is registered
without overloading the photodiode and covering the probe
signal. It serves as the zero mark for determining the time in
which the acoustic transients propagate from the site of opti-

plasma light
u pulse

cavitation bubble cavitation bubbte

Uy -
T T

acoustic puise after acoustic pulse
optical breskdown ‘after 1 coilapse

——

acoustic pulse
after 2. collapse

FIG. 4. Typical form of the photodiode signal caused by a laser-generated
cavitation bubble.
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cal breakdown to the probe beam focus and to the micro-
phones. The corresponding distances are obtained by multi-
plying the propagation times by the sound velocity in the
liquid.

The pressure amplitude of the acoustic transients is de-
termined with hydrophone 1 (Celesco LC5-2) at a distance
of about 20 mm from their emission center. The acoustic
center of the transducer consists of a lead circonate ceramic
cylinder with a length of 3.3 mm and a diameter of 2.5 mm.
The sensitivity is 500 mV/bar and the rise time is 333 ns,
corresponding to a frequency bandwidth of 1.5 MHz. The
transducer signal is registered with a 10-MHz sampling rate
by transient recorder 1 {Maurer ADAM TC 1008). This
instrument has a storage capacity of 64 k(8 bit) which al-
lows for tracking the sound emission throughout the whole
lifetime of the cavitation bubbles. To dampen disturbing
acoustic wave reflections, a sound absorber is attached to
one side of the cuvette.

Figure 4 shows the typical form of the photodiode signal

caused by a laser-generated cavitation bubble when the bub-
ble radius is larger than the distance between the site of opti-
cal breakdown and the probe beam focus. In this case, the
probe beam is temporarily blocked out by the bubble. The
storage oscilloscope is externally pretriggered by a reference
pulse from the ruby laser and then, after an adjustable delay
time, triggered by the acoustic transient to be measured.
This technique may fail when the photodiode signal differs
from the typical form given in Fig. 4. Therefore, the correct
triggering is checked by coupling the recording of the optical
signal with the registration of the acoustical signal of a sec-
ond pressure transducer. Hydrophone 2 (Imotec micropres-
sure gauge) is based on piezoelectric polyvinylfluoride
(PVDF) and has a sensitive area with a diameter of less than
0.5 mm.? The rise time is 145 ns and the sensitivity is about
2.5 mV /bar. The signal of the PVDF transducer placed ata
distance of about 10 mm from the ruby laser focus is record-
ed with a 60-MHz sampling rate through transient recorder
2 (Sony/Tektronix 390 A/D).
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(a) (b)

IV. RESULTS
A. Profile of the acoustic transients

Figure 5 shows typical signals of the PVDF transducer
after the optical breakdown and after the spherical cavita-
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FIG. 6. Pressure profiles p(#)/p,,,, of the acoustic transients (a) after opti-
cal breakdown and (b) and (c¢) after cavitation bubble collapse: —, experi-
mentally determined profile; ---, exponential decrease. The measurement
distance from the emission center of the acoustic pulses was 1.2 mm in (a)
and (b) and 2.4 mm in (c). (a) and (b) correspond to the photodiode
signals (a) and (b) in Fig. 5.
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FIG. 5. Typical signals of the PVDF trans-
ducer (top} and of the photodetector (bot-
tom) (a) after optical breakdown and (b)
after cavitation bubble collapse. The dis-
tance between the emission center of the
acoustic pulses and the probe was 1.2 mm
for the optical and 8 mm for the acoustic
measurement.

tion bubble collapse, together with the corresponding results
of the optical detection. The pulse energy used to generate
the bubbles was 200 mJ. The optical measurement reveals
that the acoustic transients are much shorter than the rise
time of the pressure transducer. For evaluating the optical
measurements, first the distortion of the signal resulting
from the nonlinearity of the U(¢) characteristic of the appa-
ratus (see Fig. 2) is corrected. Then p(#)/p,., is calculated
by numerical integration. Some pressure profiles obtained in
this way are given in Fig. 6.

The duration 7 (width at half-maximum) of the acous-
tic transients is about 25 ns both after breakdown and after
bubble collapse. The same duration was observed for the
acoustic pulses after the second bubble collapse. The pres-
sure pulses after the optical breakdown feature a steep shock
front, with a rise time of 10 ns. Since this value is equal to the
temporal resolution of the apparatus, the actual shock front
is probably even shorter, During cavitation bubble collapse,
arelatively slow pressure rise occurs within 1-2 us, followed
by a shock front similar to that after breakdown. This result
can be explained by the theoretical work of Hickling and
Plesset’ and Fujikawa and Akamatsu'®: They found a strong
pressure rise near the bubble wall during the last stages of the
collapse and the evolution of a shock front during the re-
bound of the bubble. Behind the shock front, the pressure
decreases nearly exponentially. This observation confirms
the assumption about the pressure profile made in Sec. 1.

Figure 7 shows an oscilloscope trace of a ruby laser pulse
shape, together with the temporal behavior of the plasma
luminescence during optical breakdown. The luminescence
begins after the laser pulse intensity has reached the thresh-
old for nonlinear absorption and plasma formation; remark-
ably, it already ceases when the laser pulse intensity still
exceeds the threshold for breakdown. This is probably due to
the rapid expansion of the plasma which reduces the electron
density and the light absorption at the site of the ruby laser
focus until the matter becomes transparent again and no
more plasma is generated.*” The average duration of the
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FIG. 7. Ruby laser pulse with 200-mJ pulse energy (top) and the light emit-
ted by the laser induced plasma (bottom).

plasma luminescence after ruby laser pulses with 50 to 60 ns
duration and 200-mJ pulse energy was 26 ns. The duration of
the corresponding acoustic transients produced by the plas-
ma expansion was nearly the same, namely, 24 ns (measured
at a distance of 1.2 mm from the ruby laser focus). Thus the
length of the pressure pulse seems to be correlated with the
presence of the plasma rather than with the duration of the
initiating laser light pulse.

In Fig. 8, the duration of the acoustic transients is plot-
ted as a function of their distance from the emission center.
Each value is the average of ten measurements, performed
with a laser pulse energy of about 200 mJ. In the range inves-
tigated, reaching from a distance of 0.6-6 mm, the pulse

ns
25 T

20 N

w after breakdown
s o after collapse 9

1 i 1 ] {
0 1 2z 3 4 5 . 6 mm

FIG. 8. Pulse duration 7 of the acoustic transients after optical breakdown
and after bubble collapse as a function of the distance r from their emisston
center.
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duration was found to be nearly constant both for the tran-
sients after breakdown and after bubble collapse. A broaden-
ing of the pressure profile predicted by the propagation theo-
ry for finite amplitude waves®*' was not observed. This
surprising result is probably due to the spherical form of the
acoustic waves which leads to a rapid decrease of the pres-
sure amplitude so that the domain of nonlinear sound propa-
gation is limited to a small region around their emission cen-
ter.

The duration of the acoustic transients emitted during
the bubble collapse near a solid boundary was the same as
during spherical collapse when ¥<0.75 or >1.05. In the
range 0.75 < ¥ < 1.05, the acoustic pulses were too weak to be
detected with the optical technique. The signals from the
pressure transducer, however, often have a duration of sev-
eral microseconds, i.e., longer than the impulse response of
the measuring instrument. It is not clear whether this is due
to one long pressure pulse or to a series of short pulses which
could not be resolved by the transducer. [ The latter is sug-
gested by the schlieren image in Fig. 21(b).]

B. Optical breakdown and spherical bubble collapse

Figure 9 shows the sound signal from a laser-produced
cavitation bubble recorded with hydrophone 1. The collapse
times 7, , T,,, and T, for the first through third bubble
collapse are proportional to the maximum bubble radius
R,... before the respective collapse. The bubble radius can be
deduced from the time distance 27, between the peaks of the
pressure signal, making use of the relationship

anx = Tc/ogls[p/(pstdt M.pu)]uz’ (12)

derived by Rayleigh,® where p is the density of the liquid,
Pea 18 the static pressure, and p, is the vapor pressure of the
liquid. The energy E of the cavitation bubble is given by

EB zgﬂ(Pslat *pu)R i\ax' (13)
The energy loss during bubble collapse is obtained by
comparing the different values of the bubble energy before
and after collapse. The peak pressure amplitude of the acous-
tic transients is calculated from the transducer signal and the

pulse duration 7 with the help of (8). In cases where 7 could
not be determined synchronously to the acoustic measure-

optical
breakdown

}

1.collapse 2.collapse 3.collapse

e 2T, o 2T, e 2T

FIG. 9. Pressure-time signal of an oscillating laser-produced cavitation
bubble;.T,, is the collapse time of the bubble.
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FIG. 10. Peak pressure p of the acoustic transients emitted during the first
and second bubble collapse as a function of the maximum bubble radius
R,... The pressure values are normalized to a distance r = 10 mm from the
bubble center.

ment, we calculated the peak pressure assuming a pulse du-
ration of 7 = 20 ns at the site of the transducer. This value
results from extrapolating the data given in Fig. 8 to a dis-
tance of 20 mm. The energy of a spherical acoustic transient
as derived by Cole*! is

g 47

: pd,
pe

where ¢ denotes the sound velocity in the liquid and # is the
distance between the pressure transducer and the emission
center of the transient. The sum of the cavitation bubble
energy and the energy of the pressure pulse after optical
breakdown is a measure for the fraction of laser light energy
that is converted into mechanical energy.

In Fig. 10, the peak pressure of the acoustic transients
emitted during the first and second cavitation bubble col-
lapse is plotted versus the maximum bubble radius. The
pressure values refer to a distance r of 10 mm between the
bubble center and the site of measurement. The acoustic sig-
nals used for evaluation have been selected to exclude as far
as possible bubbles with deviations from the spherical form.
Those bubbles are indicated by multiple pressure pulses
emitted during optical breakdown and collapse easily visible
with the optical detection technique. In the domain of linear
sound propagation when the pulse broadening and dissipa-
tion can be neglected, the amplitude of a spherical acoustic
wave is inversely proportional to the distance ». Hickling and
Plesset,” as well as Fujikawa and Akamatsu,'> have shown
by numerical calculations that the 1/7 law is also approxi-
mately true for the nonlinear domain in the direct vicinity of
the collapse center. In this region, the effects due to the dissi-
pation of sound energy are compensated by the development
of the shock front. Timm®** has found by means of high-speed
photography with one million frames/s that the minimum
radius of laser-produced cavitation bubbles during spherical
collapse is about 50 gzm. Taking the experimentally observed

(14)
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FIG. 11. Energy E, of the acoustic transients produced during the first and
second bubble collapse plotted versus the bubble energy E,.

pressure amplitudes as a basis and using the 1/ law, the
pressure at r = 50 ym is calculated to be 60 kbar when R,

= 3.5 mm. Thus the maximum pressure developed inside
the bubble during collapse is about 60 kbar.

Figure 11 shows that the energy of the acoustic tran-
sients increases proportionally to the energy of the cavitation
bubbles as long as the bubble energy does not exceed 30 mJ,
corresponding to a radius of 4 mm. Larger bubbles can only
be produced with a high laser pulse energy of more than 300
mJ: Therefore, they probably frequently feature deviations
from the spherical form because of multiple optical break-
downs in the region surrounding the ruby laser focus. Since
these deviations grow during bubble collapse,**** the bubble
implodes less violently than during spherical collapse, and
the sound emission is diminished. ‘

The average energy loss of the cavitation bubble during
their first collapse is 84%. It appears from Fig. 12 that the

100 T T T T T
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90 ® o o ° E
80 © °e o 1
0+ ° e : 4
60 ° e B
50 - 1
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40 -
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« 1 collapse
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Q 3 2 3 & 5 mm

Rma: —

FIG. 12. Fraction of the energy loss AE,; during the bubble collapse which
is converted into acoustic energy E,, plotted versus the maximum bubble
radius R, .
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major part of it—maximal 90% and 73% on an average—is
due to the emission of sound. Heat conduction and viscosity
seem to play only a minor part in damping the oscillations of
transient spherical bubbles. These findings are in good agree-
ment with the theoretical work reported in Refs. 11-13 as
well as with the experimental work of Teslenko.'* The re-
sults of Hentschel and Lauterborn,'® who claimed that only
about 1.2% of the bubble energy is converted into acoustic
energy, were obtained without properly taking into account
the limited bandwidth of the pressure transducer. The im-
portance of sound emission decreases for large bubbles with
R,.. >4 mm because of the above-mentioned deviations
from spherical shape. Since almost all bubbles lose their
spherical shape during rebound, the sound emission is gener-
ally less important in the second collapse than in the first
collapse.

The pressure pulses emitted during optical breakdown
generally have approximately the same amplitude as those
produced during the collapse of the subsequently emerging
cavitation bubble. Thus the acoustic transients observed
after bubble generation and collapse have similar amplitude,
duration, and profile (see Figs. 6 and 8), although the phys-
ical processes leading to their emission are quite different.
However, both optical breakdown and bubble collapse lead
to an extremely high temperature and pressure within a very
small volume of not more than 100-um diam. Therefore, it is
quite reasonable that the subsequent expansion of the com-
pressed matter causes similar effects. Whereas the energy for
the acoustic transient after breakdown is delivered from the
laser pulse, it is supplied by the energy stored in the bubble
for the pressure pulse after collapse. This leads to a reduction
of the bubble energy after rebound and, consequently, of the
energy available for sound emission during second collapse.

No pronounced relationship has been observed between
the energy of the ruby laser pulses and the acoustic energy
after breakdown or the energy of the cavitation bubble. The
conversion efficiency for light energy into mechanical ener-
gy fluctuated between 2% and 40%, with an average of
17%. One reason for the fluctuations is that the breakdown
threshold depends on the presence of small impurities in the
focal region of the laser beam, which may differ from pulse to
pulse. Another reason may be given by the complex spatial
mode structure of the ruby laser which also varies from pulse
to pulse, resulting in “hot spots” in different extent and at
different locations. A much more regular behavior was ob-
served in experiments with the TEMy, Nd:YAG laser. This
can be seen in Fig. 13, where each value is the average of ten
measurements. The energy of the acoustic transients genera-
ted upon optical breakdown is proportional to the laser pulse
energy after the breakdown threshold of 0.7 mJ is exceeded.
Similar results have been reported by Schmidt-Kloiber and
Reichel.*® Figure 14 shows that, for Nd:YAG laser pulses
with more than 4 mJ, about 3.5% of the light energy is con-
verted into the energy of the first acoustic wave and about
7.5% is converted into the energy of the bubble oscillation.
For smaller values of the laser pulse energy, the conversion
efficiency decreases until it drops to zero at the breakdown
threshold. These findings are contradictory to the results of
Teslenko,*® who reported that up to 30% of the initial energy
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FIG. 13. Energy E, of the acoustic transients produced during optical
breakdown as a function of the laser pulse energy E,. The measurements
were performed with the TEM,,, Nd:YAG laser.

of the light pulse is transported by the first acoustic wave,
with 10% going for the bubble pulsations. Since the acoustic
transients after breakdown and after bubble collapse have
similar pressure amplitudes and duration, the bubble energy
represents an upper limit for the energy values of both tran-
sients. Teslenko’s results are therefore questionable—prob-
ably due to an overestimation of the pulse duration used for
the calculation of the energy of the acoustic transients.
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FIG. 14. Fraction of the laser pulse energy converted into the energy of the
acoustic tran}sient after breakdown ( E; /E,) and into the energy of the cavi-
tation bupﬁle (E; /E,),bothplotted versus the laser pulse energy. The mea-
surements were performed with the TEM,, Nd:YAG laser.
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FIG. 15. Sound signal from laser-produced cavitation bubbles when the
collapse is spherical (top) and when it occurs near a solid boundary with
¥ = 1.4 (bottom). In both cases, the maximum bubble radius is 4.4 mm.

C. Bubble collapse near a solid boundary

In Fig. 15, the sound signal from a spherically collapsing
cavitation bubble is compared with the signal from a bubble
that collapses near a solid boundary. The solid boundary
leads to a decrease of the pressure amplitude after the first
bubble collapse and to an increase of the pressure produced
during the second collapse. Moreover, the boundary causes a
prolongation of the collapse time so that (12) does not hold
any longer. The maximum bubble radius may still be deter-
mined from the collapse time, if the prolongation factor
against Rayleigh’s collapse time for the spherical collapse is
known. The knowledge of the maximum bubble radius be-
fore the first collapse and after rebound makes it possible to

(a)

ks

(b)

0 05 10 15 24 25 30 35
Y -
FIG. 16. Prolongation factors k, and k, versus the time for spherical bubble

collapse as a function of ¥ (a) for the first collapse and (b) for the second
collapse: ---, theoretical curve derived by Rattray (see Ref. 48); —, curve
fitted to the values obtained experimentally.
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calculate the bubble energy and the energy loss during col-
lapse. The dependence of the prolongation factor k on the
dimensionless distance ¥ between bubble and boundary was
experimentally investigated by evaluating a large number of
high-speed photographical series of the bubble dynamics.*’
The result is shown in Fig. 16, together with a theoretical
curve derived-from a perturbation analysis by Rattray (see
Ref. 48).

Figure 17 shows the pressure amplitude of the acoustic
transient after the first bubble collapse as a function of . The
pressure was normalized to a distance of 10 mm from the
collapse center. Since the sound emission during aspherical
bubble collapse may be anisotropic, two series of measure-
ments were performed with the pressure transducer placed
above the bubble and the boundary in one series and beside
the bubble in the other series. The average bubble radius was
R... = 3.5 4+ 0.6 mm in both cases. Thus the pressure val-
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FIG. 17. Pressure amplitude p after the first bubble collapse as a function of
. The pressure values refer to a distance of 10 mm from the collapse center;
R.... = 3.5 + 0.6 mm. The hydrophone was placed (a) above and (b) be-

max

side the bubble.
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ues for a certain ¥ value may belong to bubbles of slightly
different size that produce acoustic transients of slightly dif-
ferent amplitudes. This partly masks the law governing the
relationship between sound emission and the normalized
distance 7. It has been shown for the spherical bubble col-
lapse with R, <4 mm that the energy of the acoustic
pulses is proportional to the bubble energy (see Fig. 11).
Assuming this proportionality to be true also for each ¢ val-
ue upon aspherical collapse, the dependence of the sound
emission from ¥ is elucidated by normalizing the energy of
the acoustic pulse with the bubble energy, as shown in Fig.
18. Figure 19 shows the energy loss of the cavitation bubble
during the first collapse. The importance of sound emission
in damping the bubble oscillations for aspherical collapse
can be estimated by relating the energy of the acoustic tran-
sient produced during the collapse to the energy loss of the
bubble (see Fig. 20). The curves have been fitted to the mea-
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FIG. 18. Energy E, of the acoustic transient after the first bubble collapse
normalized with the bubble energy Ej, plotted versus . Hydrophone
placed (a) above and (b) beside the bubble. The horizontal bar marks the
average value upon spherical collapse.

728 J. Acoust. Soc. Am., Vol. 84, No. 2, August 1988

100 T T T T T T
s
% e
° .“
]
:u;é,
® ‘ 2 e
A ¢y °
‘;&:_ CERERAMINRY
Sog
80 - o ° % @ & -
? :n-‘; ;!:: Fo S ouu‘ 8¢ .
aoo 8%o . 3 .
o o o:'y,.é 'n;:op (Sl
“e 2 L
AEg ko ¥, :,;e e
Foor e 1
Ve, o«
AR
%
60 ° 1
"
50 1 1 L 1 i ]
05 10 15 2.0 25 3.0

¥ —=-

FIG. 19. Relative energy loss AE,, /E, during the first bubble collapse as a
function of y. The horizontal bar marks the value for the spherical collapse.

surement values in order to facilitate the comparison of both
measurement series with different microphone positions.

Looking at Figs. 17-20, the strong drop of sound emis-
sion for y values of about ¥ = 0.9 attracts attention. This
behavior was also observed by Naudé and Ellis'” and Tomita
and Shima'®; it is due to the modification of the bubble col-
lapse by the jet formation. For large y values, the collapse is
almost spherical and the liquid jet does not emerge before the
rebound of the bubble (see Ref. 21). Therefore, the liquid
moves almost radially toward the collapse center, leading to
a violent collapse with strong sound emission. In the range
around y =0.9, the jet appears before the bubble has

% —

FIG. 20. Fraction of the energy loss AE, during the first bubble collapse
which is converted into acoustic energy E,, plotted versus y. The average

valuefot the spherical collapse is marked by the horizontal bar: —, hydro-
phone placed above the bubble; ---, hydrophone placed beside the bubble.
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FIG. 21. Bubble collapse at different distances between bubble and boundary: (a) ¥ = 2.2 and R
bubble is shown at maximum expansion and at the first collapse in the left and right frames, respectively. The middle frame was taken 1 us before collapse in
(a) and 30 us before collapse in (b). The solid boundary is located at the bottom of each frame.

achieved its minimum extension. The jet penetrates the bub-
ble wall at the side of the solid boundary and, during the last
stages of the collapse, a vortex ring with a hollow toroidal
core is formed which moves toward the boundary.*” The
kinetic energy of the radial flow into the bubble is thereby
partly transformed into energy of rotation. Hence, the bub-
ble content becomes less compressed than in the case of large
¥ values, and the sound emission is diminished.*®. The de-
pendence of minimum bubble size from y is illustrated by the
pictures in Fig. 21 which were taken from a high-speed pho-
tographical series with 20 000 frames/s. The pictures were
photographed with diffuse illumination from the back in
Fig. 21(a) and with a schlieren technique in 21(b).*’ For
¥— 0, the sound emission increases again, although the jet is
still formed very early during the collapse, similar to the case
of ¥ = 0.9. However, if ¥ is very small, the bubble is nearly
hemispherical and its center can hardly move during col-
lapse. Therefore, no pronounced vortex ring is developed in
spite of the outward flow on the surface of the solid boundary
following jet impact. The flow is directed toward the bubble
center for most parts of the bubble surface, as in the spherical
collapse. This causes a strong compression of the bubble con-
tent and the generation of an intense pressure pulse. Figure
20 shows that for <2.0 the damping of the bubble oscilla-
tion is predominantly caused by mechanisms other than the
emission of sound—probably mainly by viscous damping
due to the turbulent jet flow and the ring vortex. For
0.6<y<1.3, the acoustic energy accounts for less than 10%
of the energy loss in the first bubble collapse.

729 J. Acoust. Soc. Am., Vol. 84, No. 2, August 1988

=27mm; (b) y=096and R, = 3.9 mm. The

max

It is evident from Fig. 20 that the sound emission near a
solid boundary is anisotropic. For ¥<1.3, the pressure am-
plitudes are much higher in the direction perpendicular to
the boundary than beside the bubble. This is probably due to
the funnel-shaped jet acting as a sound projector. It is rea-
sonable that the mechanism becomes less effective with
growing ¥ when the jet only appears during bubble rebound.
We cannot explain, however, why for 1.3 the sound radi-
ation is stronger in the horizontal than the vertical direction.

Figure 19 demonstrates that for 0.85<y<2.5 the energy
loss during the first collapse is smaller than upon spherical
collapse. This coincides with a remarkable increase of sound
emission during the second coilapse (see Fig. 22) which for
0.75<y<1.4 is stronger than the sound radiation after the
first collapse. After rebound, the bubbles have a toroidal
form, with the torus usually disintegrating into several parts
that collapse separately, emitting various acoustic tran-
sients.*’ The irregularity of this process leads to the strong
scatter of the measurement values in Fig. 22.

The highest pressure amplitudes at the solid boundary
are achieved when ¥ is very small. One can read from Fig. 17
that, for ¥ = 0.2 and R,,,, = 3.5 mm, the pressure ampli-
tude after the first bubble collapse is about 150 bar at a dis-
tance of 10 mm from the collapse center. This value is the
average of the data belonging to both hydrophone positions.
We found by high-speed photography that the minimum size
of the collapsed bubble corresponds to a bubble with a radius
of about 0.6 mm.*” Calculation of the pressure value at this
radius, proceeding from the measured amplitude, yields the
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FIG. 22. Energy E, of the acoustic pulse after the second bubble collapse,
related to the bubble energy Ej, plotted versus ¥. Hydrophone placed (a)
above the bubble and (b) beside the bubble. The horizontal bar marks the
value for spherical collapse.

value of 2.5 kbar for the maximum pressure inside the bubble
and at the boundary. This result agrees well with the findings
of Jones and Edwards (10 kbar for y =0 and R_,, =4.9
mm),*®but it is almost 17 times higher than the value report-
ed by Tomita and Shima (150 bar for y =0.2 and R,
= 3.5 mm)."” The deviation can be explained by the fact
that Tomita and Shima employed a pressure transducer with
a rise time of 1 us without considering the much shorter
duration of the pressure pulses to be measured.

V. CONCLUSION

The acoustic transient generation by laser-produced ca-
vitation bubbles has been investigated with optical and
acoustic methods. The optical measurements revealed that
the pressure profile of the acoustic transients has the form of
an exponential impulse with a rise time of less than 10 ns.
The duration of the pressure pulses (their width at half-max-
imum) has been found to be 20-30 ns in the range of 0.6-6
mm from the emission center of the pulses. The pressure
amplitudes are approximately the same for the acoustic
pulses generated during optical breakdown and bubble col-
lapse. During breakdown, about 3.5% of the laser light ener-
gy is converted into acoustic energy and about 7.5% is con-
verted into the energy of the cavitation bubble. During
spherical bubble collapse, a maximum pressure of about 60
kbar is developed inside a bubble with R, ='3.5 mm, and
an average of 73% of the bubble energy is transformed into
acoustic energy. Thus we could confirm that the sound emis-
sion is the most important damping mechanism in the col-
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lapse of transient spherical cavitation bubbles in water, as
has been pointed cut by previous theoretical papers.''"*

The sound emission during the bubble collapse near a
solid boundary is strongly dependent on the dimensionless
distance y between the bubble and the boundary: For
0.6<y< 1.3, it contributes with less than 10% to the damping
of the bubble oscillations and for 0.8<y<0.95 it contributes
with even less than 1%. The highest pressure amplitudes at
the solid boundary are achieved for y—0. For ¥ = 0.2 and
R... = 3.5 mm, the maximum pressure inside the bubble is
about 2.5 kbar. Therefore, cavitation erosion is mainly
caused by bubbles attached to the boundary. Moreover, in
this case there is no water film between bubble and boundary
cushioning the impact of the high-speed liquid jet.

Lush et al.”! have found that the dynamic hardness of
aluminium which they assume to be representative of the
plastic flow stress is 13.7 kbar. Since an aluminium surface
exposed to cavitation will be eroded, the pressure values at
the surface must locally be higher than the value of 2.5 kbar
inside the collapsed bubbles. A possible mechanism for pro-
ducing higher pressures is the impact of the liquid jet, but
Lush et al. calculated a jet speed of 550 m/s necessary to
generate a water hammer pressure strong enough to deform
aluminium. Jets with such a high velocity have not yet been
observed during the collapse of single cavitation bubbles in a
liquid without a flow; however, they can possibly be formed
if the bubble collapse occurs in a flow directed toward the
boundary®? or when it is accelerated by acoustic transients
emitted from adjacent bubbles, which frequently happens in
collapsing cavitation bubble clouds.>*>* The investigation
of the interaction of gas bubbles with acoustic tran-
sients'>**%" has shown that the acoustic transients can in-
duce very fast jets. It is likely that the jets are even faster
when the acoustic pulses interact with already collapsing
cavitation bubbles. The exploration of this mechanism seems
to be a promising task for the explanation of unwanted cavi-
tation erosion, as well as for the enhancement of the intended
erosion effects in laser lithotripsy.
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