
VOLUME 76, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 6 MAY 1996

ied
ing
he
ce
on
tical

3546
Laser-Generated Cavitation in Absorbing Liquid Induced by Acoustic Diffraction
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Conversion of energy from a heat pulse to acoustic stress is theoretically and experimentally stud
in detail. The heat pulse was generated by laser radiation delivered via an optical fiber into an absorb
liquid. The experimental results indicate that tensile stress and cavitation are induced in front of t
fiber tip at a distance far below the optical penetration depth of the laser radiation. The occurren
of tensile stress in the acoustic near field of a submerged fiber is explained by acoustic diffracti
of the thermoelastic expansion wave. Good agreement between experimental results and theore
calculations based on a three-dimensional model was found. [S0031-9007(96)00147-0]

PACS numbers: 43.25.+y, 43.30.+m, 79.20.Ds
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Cavitation plays an important role in many techn
cal applications such as sonochemistry, lithotripsy, la
surgery in wet fields, bubble chambers, and ultraso
cleaning. The formation and collapse of cavitation bu
bles in liquids are subject for intensive studies since th
small bubbles had been made responsible for the des
tion of marine propellers. With the development of t
laser a new tool for the formation of single, well define
cavitation bubbles in transparent liquids was availab
Depending on pulse duration and the wavelength of
laser radiation, three processes for the formation of ca
tation bubbles in liquids have been distinguished: plas
induced, due to explosive vaporization, and induced
tensile pressure of an acoustic field.

If a high power laser pulse with a pulse duratio
shorter than a few nanoseconds is focused into the b
of a transparent liquid, optical breakdown is genera
at the beam waist due to the high intensity elect
field. Caused by the high temperature and pressure
plasma expands initially with hypersonic velocity emittin
a shock wave that indicates the conversion of opti
energy into mechanical. Additionally, vaporization
water forms a fast expanding cavitation bubble [1–
The maximum radiusRmax and the lifetime of the bubble
Tc are connected by Lord Rayleigh’s formulaRmax ­
Tcy0.915fr0ysp0 2 pydg1y2 wherebyr0 is the density of
water, p0 is the hydrostatic pressure, andpy the vapor
pressure inside the bubble [4].

Cavitation can secondly be produced by direct heat
and subsequent explosive vaporization of liquid, as in
case of infrared lasers the radiation of which is stron
absorbed by water [6]. The formation of a cavitati
bubble at the end of a submerged fiber has recently ga
increasing attention as this vapor bubble is used in med
applications to guide IR laser radiation through water [
8]. This is possible since steam has in contrast to wat
low absorption in the IR [9]. Exploiting this effect, tissu
can be ablated with IR radiation in a liquid environme
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even in a noncontact mode as it arises, e.g., in orthoped
angioplasty, ophthalmology, or lithotripsy.

Tensile stress-induced cavitation and subsequent sp
tion, i.e., ejection of target material if the amplitude of th
tensile stress wave exceeds the tensile strength of the
terial, is usually generated when a compressive wave is
flected at an impedance mismatched boundary. Spalla
was found not only to be the reason for erosion dama
of surfaces but also an important mechanism for ablat
[10,11]. Strong compressive stress waves are generate
a medium if the energy deposition caused by a short la
pulse is much faster than the thermal expansion of
medium. This situation is called the condition of stre
confinement. Reflection of a compressive stress wav
a free boundary (i.e., water-air) changes its sign; the co
pressive wave becomes a tensile wave. As a result,
stress wave propagating into the target is characterized
a bipolar shape with a leading positive compression wa
and a trailing negative tensile wave. If the laser pul
however, is transmitted to the absorbing medium throu
a material with higher acoustic impedance (rigid boun
ary, i.e., glass-water), reflection does not change the s
of the stress wave and the one-dimensional model of th
moelastic stress wave generation does not predict ten
stresses [12,13].

Regardless of the mechanism of formation, the colla
of the cavitation bubble generates a strong press
transient with an amplitude of up to several kbar that c
have strong destructive effects [5,14].

In this study we demonstrate for the first time th
generation of tensile stress and cavitation at the end
submerged fiber tip in liquid (rigid boundary). We expe
mentally and theoretically show that the tensile stress
induced by diffraction of the acoustic thermoelastic co
pressive wave at the edge of the fiber. Fast flash Schlie
photography was used to visualize the laser-induc
bubble dynamics and the pressure wave propaga
produced at a fiber tip in an aqueous dye solution.
© 1996 The American Physical Society
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In order to efficiently couple thermal energy gene
ated by absorbed laser radiation into mechanical ene
the conditions for thermal and stress confinement h
to be satisfied [13,15]. Thermal confinement is fulfille
when the energy deposition occurs on a time scale fa
than heat relaxation can take place. This is the c
when the pulse durationt is shorter than the heat diffu
sion timetth given by tth ­ d2y4k, whered is a char-
acteristic length andk is the thermal diffusivity of the
material skH2O ­ 1.44 3 1023 cm2ysd. If the beam ra-
dius is larger than the optical penetration depth, th
d ­ 1yma is the optical penetration depth. When the r
dius of the laser spot is less than the penetration de
d ­ rfiber . The radiation conditions fulfill the require
ments for stress confinement whent is shorter than the
timetst stst ­ dycwaterd; a stress wave needs to propaga
out of the irradiated volume, whered is again the charac-
teristic length andcwater the speed of sound in water.

For the experiments an optical parametric oscilla
(OPO) with a tuning range from 400 to 2500 nm was us
Laser pulses (energy#10 mJ, pulse duration 5–6 ns) wer
delivered via an optical fiber (600mm) into an aqueous
solution of Orange G which exhibits a high absorptio
peak at 490 nm to which the OPO was tuned. This
sulted in an absorption coefficient ofa ­ 900 cm21 of
the sample liquid. Time-resolved Schlieren images
stress wave propagation and cavitation in front of the fib
tip were taken with a time-gated video camera using
exposure time of 10 ns. Laser-induced pressure transi
were detected using a thin (9mm) piezoelectric polyvinyli-
denefluoride (PVDF) foil (rise time of about 4 ns).

Schlieren photographs taken at different times (170
220 ns, 270 ns, 570 ns, 5ms, and 50ms) after the laser
pulse are presented in Fig. 1. The heat pulse ha
radiant exposure ofH ­ 1 Jycm2 leading to an average
computed temperature increaseDT ­ 147 ±C in a volume
below the fiber tip given by the1ye optical penetration
depth of the radiationsa ­ 900 cm21d and the fiber
area (not considered latent heat and assuming a con
specific heat capacity). The change in index of refract
generated by the temperature gradient in front of
fiber is seen as a shadow in the Schlieren image (Fig
at 170 ns). This makes the fiber appear longer than
actually is (marked with arrows). The acoustic radiati
generated by the heated volume in front of the fiber
consists of two components. The first is the geometri
wave field component characterized by a plane wave (d
black shadow) conforming to the shape of the fiber. T
second component is the boundary diffraction wave fi
(toroidal wave) that is radiated by the edges of the fib
In projection, the latter is seen as two dark circles w
their center at the edges of the fiber. The images sh
that cavitation starts at the fiber axis 220 ns after
start of the laser pulse when the diffraction wave fie
starts to overlap. It is remarkable that the formation
cavitation bubbles in the liquid is locally restricted to th
fiber axis. After 570 ns, cavitation extends to a dep
-
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FIG. 1. Schlieren images of stress wave propagation
cavitation in aqueous dye solution taken at different tim
after laser pulse delivery (H ­ 1 Jycm2, a ­ 900 cm21, fiber
diameterD ­ 600 mm). The position of the end of the fibe
is marked by an arrow in the first image.

of about 550–600mm below the fiber tip, a distanc
much larger than the optical penetration depth1ya ­
11 mm of the radiation. In contrast to the cavitatio
bubbles, a thermal or vaporization bubble is formed (a
5 ms) directly attached to the fiber surface. It reaches
maximum extension at,50 ms and collapses after abou
100 ms. During the collapse a strong pressure transien
generated [5].

The theoretical calculations of the laser-induced acou
field are based on the general solution of the wave equa
in a liquid [16]. To derive the solution of the wav
equation from an initial thermoelastic stress distributio
the following assumptions were made: (i) the spatial be
profile of the laser at the fiber tip is a “top-hat” profi
with an exponential decay of the radiation outside
fiber, (ii) the initial pressure distribution which is generat
by instantaneous deposition of the laser energy has
exponential decay in direction of the fiber axis, and (iii) t
reflection of the acoustic wave at the water-fiber surfa
was taken into account by adding an image press
distribution at2z. To derive the general solution of th
acoustic wave equation in three dimensions we used
Poisson formula [16,17] which yields the velocity potent
c at any time and position in space if initial values of t
potentialc0 and its first time derivative are known:

csx, y, z, td ­
1

4p

∑
≠

≠t

µ
t
Z

c0jR­ctdo

∂
1 t

Z
Ùc0jR­ctdo

∏
. (1)

do is the surface element on the unit sphere. The subs
R ­ ct means that the values ofc0 and Ùc0 are taken on
a sphere with radiusR around the pointsx, y, zd. Since
3547
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instantaneous energy deposition leads to an initial pres
rise without any material displacement in the target,
first integral in (1) becomes zero. The relation betwe
the pressure and the velocity potential is given by

p ­ 2r ≠cy≠t , (2)

where r is the density. Therefore the second integ
in (1) contains essentially the initial pressure distributi
p0sr, zd ­ aGH0e2azfsrd, with a the absorption coef-
ficient, G the Grüneisen coefficient, andH0 the incident
radiant exposure. The functionfsrd describes the spa
tial profile of the laser beamfsrd ­ 1 for r # a and
fsrd ­ e2sr2ad2yd2

for r . a. The variablez describes
the distance between the fiber tip and the observation po
The Grüneisen coefficient is defined byG ­ byrCV kT ,
with b the thermal expansion coefficient,CV the specific
heat at constant volume, andkT the isothermal compress
ibility ( Gwater ­ 0.11 at room temperature).

The positive and negative amplitudes of the normaliz
pressure fieldppsr , z, td ­ psr, z, tdyaGH0 obtained af-
ter numerical evaluation of Eqs. (1) and (2) are sho
in Fig. 2 as a function ofr for a constant value ofz ­
100 mm (fiber diameterD ­ 600 mm, a ­ 900 cm21).
The calculations reveal a constant positive compress
pressure over almost the entire fiber diameter (seen
Fig. 1, image after 170 ns as a plane wave) and a sh
maximum of the tensile stress at the fiber axis genera
by the diffraction wave field.

The temporal behavior of the pressure signal calcula
with the three-dimensional model at the fiber axissr ­ 0d
for a distance ofz ­ 100 mm shows that the negative
pressure transient has a delay of about 160 ns w
respect to the positive which is equal to the propagat
time from the edge of the fiber to the observation po
[Fig. 3(a),z ­ 100 mm]. This is in good agreement with
the visual observation (Fig. 1) that tensile stress-indu
cavitation does not begin unless the rarefraction wa
generated at the edges of the fiber has arrived at the fi
axis. Since the difference in propagation time betwe
waves originating at the edge of the disk and at t
center decreases with increasing observation coordin

FIG. 2. Positivesp1d and negativesp2d stress amplitudes
as a function of the radiusr, calculated for a distance o
z ­ 100 mm from the fiber tip. The dashed lines indicate th
fiber diametersD ­ 600 mmd.
3548
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z, the delay between both components also decrea
resulting in a symmetric, bipolar wave form [Fig. 3(a
z ­ 6.5 mm]. This change in the temporal behavi
of the pressure signal reflects the transition betwe
acoustical near and far field. Assuming a scalar wa
theory and, further, that the dimension of the acous
source is large compared to the acoustic wavelen
then the distancezf where the border between acoust
near field and far field is located is defined aszf ­
D2ay8 [18,19]. Hence, for an absorption coefficie
a ­ 900 cm21, a fiber diameterD ­ 600 mm, and a
pulse durationt ­ 6 ns the transition from the near t
the acoustic far field is located atzf ­ 4 mm. In this
theory, the diffraction of a circular acoustic source
modeled by assuming that the acoustic wave is w
confined within a cylinder of diameterD up to a distance

FIG. 3. Calculated (three-dimensional model) and measu
stress signals caused by a 6 ns laser pulse (D ­ 600 mm,
a ­ 900 cm21). The time scale does not reflect the actu
propagation time of the pressure signal with respect to
laser pulse. (a) Calculated in the near fieldz ­ 100 mm and
in the far field z ­ 6.5 mm. (b) Calculated at a distance o
z ­ 550 mm at the fiber axisr ­ 0 mm and off-axis r ­
300 mm. (c) Measured in the near fieldz ­ 550 mm and in
the far fieldz ­ 6.5 mm. Both measurements were done wi
a piezoelectrical detector (PVDF foil) of 2 mm diameter.
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zf ; thereafter it diverges spherically into a cone with ap
angle2QT ­ 2 arcsinsDy2zf d, and with the apex centere
in the center of the source. The scalar wave theory sh
that the initial plane wave forz , zf becomes a spherica
wave forz . zf . This theory hence only one dimension
does not predict the strong tensile stress on the fiber
in the acoustic near field.

Figure 3(b) shows stress signals calculated at a dista
z ­ 550 mm at the fiber axisr ­ 0 mm and off-axis
r ­ 300 mm. The tensile stress amplitude is much high
on the symmetry axis than off-axis which again shows t
a maximum of tensile stress is generated at the fiber a
(compare to Fig. 2).

The stress signals measured with the PVDF-press
transducer at variable observation distances are show
Fig. 3(c). Whereas experiments and theory agree we
the far field [Figs. 3(a) and 3(c)], there is a discrepan
in the calculated and measured signals at the fiber axissr ­
0d in the near field. The reason for this discrepancy is
relatively large areasdiameter­ 2 mmd of the pressure
transducer used which does not provide the required sp
resolution. The detector integrates the incoming str
wave over its active area and most of the detector reco
off-axis sr . 0d signals like the one calculated forr ­
300 mm [see Fig. 3(b)], whereas the calculation gives t
stress at a certain point. The dimension of the detecto
also the reason for the larger pressure amplitude meas
in the far field than in the near field [see Fig. 3(c)].

The comparison between the measured and ca
lated pressure transients and the simultaneously reco
Schlieren images clearly show that even when the c
dition for plane wave propagation is satisfied (beam
ameterD ¿ d), tensile stress-induced cavitation bubbl
can be created in the acoustic near field of a submer
fiber. The calculation of the amplitudes of compressi
and rarefraction pressure waves as a function of the
tance to the fiber axis [Figs. 3(a) and 3(b)] verifies th
for the parameter set used the rarefraction wave is
sentially located at the fiber axis (see Fig. 1,t ­ 570 ns).
The conditions are comparable to those below an air-wa
boundary where a laser-induced compressive wave is
flected with negative sign due to the acoustical impeda
mismatch although the tensile stress at a “free” surfac
almost constant over the entire beam diameter [11].
this study we have shown for the first time that the c
ation of tensile stress in the acoustic near field of a s
merged fiber tip is caused by diffraction of the acous
plane wave at the fiber edges.

Since the fracture threshold of a material is much low
for tensile stress than for compressive stress, the find
of this study are of importance for all applications whe
short fiber delivered laser pulses are used. For exam
using short fiber delivered laser pulses for minima
invasive laser surgery, the mechanical strength of
tissue might be drastically lowered by the tensile stre
x
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generated at the fiber tip that is in direct contact w
tissue. This mechanical process can explain why
experimentally determined threshold for tissue ablation
almost an order of magnitude lower than the theoretica
calculated energy density need for vaporization [2
Moreover, the change of the mechanical tissue proper
and thereby induced mechanical tissue damage can a
a much larger volume than that determined by the opti
penetration depth of the radiation.

In summary, we have studied the onset of cavitat
bubble formation at a fiber tip submerged in an absorb
liquid. The theory and experiment show that tens
stress-induced cavitation is created in the acoustic n
field of the fiber. The occurrence of tensile stress is sho
to arise from acoustic diffraction of the thermoelas
stress wave at the finite size of the fiber.
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