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The luminescence spectra of laser-induced cavitation bubbles near rigid boundaries are measured for various
relative distances between the bubble and the boundaries. We find that the luminescence spectra of bubbles
collapsing near a single boundary consist only of a blackbody continuum. Luminescence from bubbles col-
lapsing between two parallel rigid boundaries contains OH− emission bands similar to those found in multi-
bubble sonoluminescence. In both cases, the bubble interior temperature deduced from blackbody fits decreases
with the distance between bubble and boundary. The shape instabilities of the collapse near a boundary and the
consequent presence of high-velocity jets inside the bubble at its minimum volume are discussed in connection
with the generation of the OH− radicals.

DOI: 10.1103/PhysRevE.72.016304 PACS number�s�: 78.60.Mq, 47.55.Bx, 47.55.Dz, 47.20.Ma

I. INTRODUCTION

The emission of light from collapsing bubbles in water is
an interesting phenomenon that is still not well understood.
In the presence of a high-amplitude sound field this is known
as single- or multibubble sonoluminescence �SBSL or
MBSL� �1�. A similar type of luminescence can be observed
without a sound field present, in the collapse of bubbles that
are formed by a focused laser pulse �2–4�. Single-bubble
sonoluminescence has been shown to have a continuum
emission spectrum with no discernible atomic or molecular
lines �5�. An estimate the interior bubble temperature at the
moment of light emission can be obtained by fitting the spec-
tra to a blackbody form �4,6� , and in general this yields
results of �8000 to 50 000 K, depending on the gas in the
bubble. In contrast, the light emitted from cavitating multi-
bubble sonoluminescence often contains well-defined lines
and bands superimposed upon the continuum. In particular,
the MBSL spectra of water contain prominent emission lines
of the excited hydroxyl �OH−� bands at 310 nm �7�. Based on
the measurements of the relative intensities of emission lines
from different bands in metal complexes, bubble interior
temperatures of �5000 K have been obtained for MBSL �8�.

The luminescence from the laser-induced bubbles is
unique in the sense that, depending on the maximum bubble
size, it displays both the characteristics of SBSL and MBSL.
For relatively small bubbles �Rmax�0.6 mm� the lumines-
cence spectrum is a smooth continuum similar to SBSL, with
a blackbody temperature of about 8000 K. For large bubbles
�Rmax�1 mm� the OH− band at 310 nm is also observed, as
in MBSL. Since shape instabilities such as jets and fission
into two bubbles were also observed close to the collapse
point of these bubbles �3,4�, it was speculated in Ref. �4� that
the OH− emission might be correlated with the onset of the
shape instabilities. A similar speculation was made in Ref.
�7� for MBSL, since large unstable bubbles are known to be

present in the chaotic multibubble cavitation. A connection
between shape instabilities and the bubble luminescence was
observed by Ohl et al. �2�. They studied the generation of
laser-induced bubbles at various distances from a flat rigid
boundary, which is well known to induce a jet instability in
the bubble collapse when it is close to the wall �9�. They
observed that the strength of the luminescence dropped rap-
idly to insignificant levels when the distance between bubble
and boundary was reduced to less than 3–4 times the maxi-
mum bubble radius.

In this paper, we present measurements of the interior
temperature of laser-induced bubbles collapsing near rigid
walls, using blackbody fits to the luminescence spectra. Two
geometries were investigated in the present study. In the first
the bubble was generated at different distances from a flat
rigid wall. The second geometry consists of two parallel flat
rigid walls, with the bubble being initiated between the walls
at equal distance from them. The significant parameter of this
study is the nondimensional stand-off distance �, defined as
the ratio of the initial location of the bubble from the bound-
ary divided by the maximum bubble radius.

II. EXPERIMENT

Individual bubbles were generated in a stainless-steel cu-
vette formed by boring three 40 mm diameter intersecting
holes through a cubical block of sides 68 mm, where the four
side holes are fitted with millimeter-thick quartz windows
attached with epoxy to mounting flanges sealed with rubber
O rings. The bottom hole of the cell has a lens mounted in
the same manner that is 30 mm in diameter and has a focal
length of 35 mm. The lens focuses a 6 ns pulse from a
Q-switched Nd:YAG laser at 1064 nm into the center of the
cell. The cell is filled with 18 M� ,0.2-�m-filtered water at
room temperature, 22 °C. The focused laser pulse ionizes the
water �probably initiated by an impurity�, creating a break-
down plasma that is 50–100 �m in diameter and lasts 50–
100 ns �10�. The energy deposited then appears as an ex-
panding bubble, with the gas in the bubble consisting
primarily of the ionization products atomic hydrogen and
oxygen. After reaching its maximum size the bubble col-
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lapses, heating the gas inside, and the luminescence pulse is
emitted at the minimum-radius collapse point �3,4�. The
bubble size is determined by an indirect measurement using
the collapse time Tc of the bubble at very large values of �.
The maximum radius Rmax of a spherical bubble situated in a
liquid of infinite extent is given by �11�

Rmax = 0.55�p − pv

�
Tc, �1�

where � is the density of the liquid, p the static pressure, and
pv the vapor pressure of the liquid. Equation �1� assumes that
the expansion and collapse phases of the bubble oscillation
are symmetric. This condition is fulfilled in the present study,
because the bubbles are produced by laser pulses consider-
ably shorter than the bubble collapse time. The collapse time
of the bubble was obtained by measuring the time interval
between the luminescence pulse emitted during optical
breakdown and the bubble luminescence, using a photomul-
tiplier tube �Hamamatsu H6780�. Boundary walls made of
1-mm-thick Plexiglass are inserted from the top of the cell
using adjustable positioners. The maximum bubble radius
and the distance s between the laser focus and the boundary
yield the non-dimensional stand-off parameter �=s /Rmax. It
should be noted here that close to boundaries, where the
expanded bubble is nonspherical, Rmax represents the radius
of a spherical bubble with the same volume �equivalent
spherical radius�. We thus assume that the maximum bubble
volume does not change with variation of � at constant laser
pulse energy. The equivalent spherical radius is, hence, as-
sumed to be independent of �. On the other hand, a boundary
in the vicinity of a bubble leads to a prolongation of the
bubble collapse time. We note, however, that for ��3, the
error in estimating the maximum bubble radius is smaller
than 5% �12�, so that, in this range, the maximum bubble
radius can be estimated with a reasonable accuracy. In this
experiment, the maximum bubble radius was held constant at
a value Rmax=0.75±0.05 mm, with a collapse time Tc of
about 140 �s. To obtain a spectrum, light emitted from the
bubble along the direction parallel to the two boundaries was
collected and collimated by a MgF2-coated paraboloid mir-
ror. A second paraboloid mirror focuses the collimated beam
into the entrance slits of a 0.3 m spectrometer �SpectraPro
300I, Acton Research Corporation� with a gateable intensi-
fied charge-coupled device �ICCD� detector. To reject light at
higher orders, long-pass filters at either 300 or 500 nm were
placed in front of the spectrometer. To get a sufficient signal
for a spectrum, the light emitted was averaged over 25
bubbles. The raw spectra are corrected for the detector sen-
sitivity and for absorption losses in the cell windows and
spectrometer, using a calibration curve derived from D2 and
quartz lamps. The pressure amplitude of the acoustic tran-
sients emitted during bubble collapse was measured by using
a PVDF hydrophone �Precision Acoustics� with a rise time of
25 ns, an active area of 0.8 mm2, and a sensitivity of
12 mV/kPa. The hydrophone was connected to a digital os-
cilloscope �Hewlett-Packard Infinium� with 1 M� input im-
pedance to ensure proportionality between voltage and pres-
sure. Far field measurements were performed with the

hydrophone placed at a distance of 10 mm from the emission
center. In the far field, the portion of the shock wave inter-
secting the active area of the pressure transducer can be ap-
proximated by a plane wave, and the hydrophone measure-
ments are thus more accurate.

III. RESULTS

Figure 1 shows the luminescence spectra of laser-induced
bubbles near a rigid boundary for �=� �spherical bubble�,
�=7 and �=4, respectively. The spectral radiance decreases
toward the infrared, and the major part of the energy is cap-
tured in the wavelength range ���IR�700 nm. On the
other hand, the water surrounding the bubble strongly ab-
sorbs UV light below �UV�200 nm so that this portion of
the emitted light is lost. Each spectrum consists of a con-
tinuum, and the spectral-intensity distributions can be fitted
to that of a blackbody radiator with temperatures ranging
from 8150 K for spherical bubbles �4� to about 7700 K for
�=4. For 3���4, the intensity of the light emitted by the
bubble was too small to obtain a spectrum. For ��3, no
light emission was observed, in agreement with the previous
results �2�.

A significant difference is observed when the bubble is
initiated between two rigid boundaries �Fig. 2�. The spectrum
of the bubble luminescence consists now of both a con-
tinuum and a peak at 310 nm which appears as the bubble
approaches the walls. The 310 nm peak is not visible in the
�=7 data but is quite prominent at �=4. In the latter case,
the spectral-intensity distribution can still be roughly ap-
proximated by a blackbody spectrum with a temperature of
about 7400 K, although the presence of spectral lines shows
that a black-body assumption is probably not completely ac-
curate. The 310 nm peak appears to be the same emission
band from the OH− radical that was observed previously �4�
in laser bubbles with maximum size greater than 1 mm, and
in MBSL �7�.

FIG. 1. Luminescence spectra of bubbles collapsing near a
single rigid wall for various relative distances between bubble and
boundary. The spectra are offset in the vertical direction for better
visualization.
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Figure 3 shows the maximum pressure amplitude pmax of
the acoustic transients emitted during collapse of a bubble
near a rigid wall and between two parallel walls, respec-
tively, as a function of �. In both cases pmax decreases with
the stand-off parameter �. Although there is a large scatter of
the results it can be seen that the largest reduction occurs
when the bubble is initiated between two parallel walls for �
values smaller than about 5. At very large � values ���8�
the maximum amplitude of the acoustic transients emitted
during first bubble collapse exhibits an almost constant pla-
teau at about 1.2 MPa, indicating that the bubble behavior is
similar to that in a fluid of infinite extent.

IV. DISCUSSION

The dependence of the bubble interior temperature on the
boundary conditions can be understood in a heuristic manner.
A spherical bubble produced in an unconfined liquid retains
its spherical shape while oscillating, and the bubble collapse
takes place at the site of bubble formation. The collapse
compresses the bubble content into a very small volume,
thus generating a very high pressure that can exceed 1 GPa
for an approximately spherical bubble �12�. The rebound of
the compressed bubble interior leads to the emission of a
strong pressure transient into the surrounding liquid that can
evolve into a shock wave. However, when the bubbles are
formed near a material boundary, the collapse is asymmetric
and associated with the formation of one or two high-speed
liquid jets that concentrate the bubble energy at some dis-
tance from the locus of bubble formation. When the bubble
collapses near a single rigid boundary, the jet is directed
towards the boundary �13,14�. The bubble collapse between
two parallel rigid boundaries is characterized by the forma-
tion of an annular flow leading to bubble splitting and the
generation of two high-speed axial liquid jets directed to-
ward the boundaries �15,16�. The temperature inside a col-
lapsing spherical bubble is obviously the highest, because
during collapse the flow of the surrounding liquid is directed
into a small region, giving rise to strong energy focusing and
high volume compression. The motion of a bubble produced
near a rigid boundary is less spherical leading to a lower
compression and weaker shock wave emission during re-
bound. A bubble that is produced between two parallel rigid
boundaries has even a smaller compression, because more
energy is used up in the annular flow and axial liquid jets
developed after bubble splitting. The slowing of the collapse
in this manner is likely to reduce even more the ambient
temperature in the gases in the bubble.

The most interesting feature of the luminescence spectra
of bubbles collapsing between two parallel rigid boundaries
is the occurrence of the OH− radical. There have been sev-
eral attempts to construct a model for the OH− formation and
a variety of suggestions have emerged, principally due to a
paucity of experimental details. Most models invoke adia-
batic compression of the gas inside the bubble, which leads
to high interior temperatures. A first model assumes that
while a highly thermally stable end-product H2 is formed by
recombination of H+ ions, a relatively labile end-product of
recombination of OH− radicals, H2O2, may undergo O-O
bond homolysis in the interfacial region of the bubble to
regenerate OH− radicals �see, for example, Ref. �17��. How-
ever, considering that molecular recombination is a very
slow process on the microsecond time scales of our bubbles,
and that the OH− band was not observed in the spectrum of
spherical bubbles, this scenario is unlikely. In a competing
model, Mark et al. �18� considered that if the bubble interior
temperature is high and the number of water molecules in-
side bubbles exceeds the number of radicals, a considerable
number of H+ ions will be converted to OH− radicals by
H++H2O→H2+OH−. A prerequisite of this model is the
complete penetration of a high-speed liquid jet into the
bubble at its minimum volume where the temperature has the
highest value. At first sight this scenario can be ruled out,

FIG. 2. Luminescence spectra of bubbles collapsing between
two parallel rigid boundaries. The bubbles are initiated at equal
distance from boundaries. Intensities have been scaled arbitrarily
between the different curves.

FIG. 3. Maximum amplitude of the acoustic transients emitted
during bubble collapse near a rigid boundary and between two par-
allel rigid boundaries. The hydrophone is placed parallel to the
boundaries, 10 mm away from the laser focus.
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since the OH− radical was not generated when the bubble
collapsed near a single rigid wall. In this case, a possible
explanation for the smooth continuum spectrum is the ab-
sence of a well-defined jet inside the bubble prior to the
collapse point. Although no direct observation is available in
the literature, the numerical calculations of Pearson et al.
�19� indicate for ��4 a deceleration of the liquid within the
jet due to compression of gas within the bubble as its volume
decreases, then subsequent acceleration of the remaining sur-
face of the bubble �which does not bound the liquid jet� due
to high internal pressures.

On the other hand, ultra-high-velocity jets can be initiated
during bubble collapse between two rigid boundaries, and
two factors may contribute to this process. First, the driving
pressure is larger than in the case of a single boundary. The
jet flow near a boundary is driven by the pressure from a
stagnation point above the bubble �20�. A bubble collapsing
between two parallel walls achieves an oblate shape in an
initial collapse stage. This leads to the formation of an annu-
lar flow which is further accelerated in the final collapse
stage by a high pressure ring �see, for example, Ref. �21��.
Ultra high-velocity jets emanating during the collapse of an
oblate bubble have been theoretically predicted by Voinov
and Voinov �22�. A jet velocity of 640 m/s was predicted for
an initial elongation of 17%. Second, the redirection into an
axial jet is also mediated by the shock waves emitted upon
collapse by the cavities formed after the bubble splitting. A
clear visualization of this process can be found for bubbles
oscillating near an elastic boundary where jet velocities as
high as 960 m/s were generated �23�. Obviously, such high
velocity jets are capable of penetrating the interior of the
cavities formed after bubble splitting even before they reach
the minimum volume. It is interesting to note here that Bagh-
dassarian et al. �4� speculate on a connection between bubble
splitting and the OH− emission in the spectrum for large
bubbles �of radius 1–2 mm� created in a liquid of infinite
extent. The bubble splitting there is probably a consequence
of an oblate shape of the bubble during the collapse phase
which in turn is caused by an elongated plasma during the
initial optical breakdown.

The fact that at �=7 the OH− band was not observed in
Fig. 2 for bubbles collapsing between two parallel rigid walls
is not surprising. Recent numerical and experimental inves-
tigations of Ishida et al. �16� have indicated that for ��5 the

influence of the boundaries on the bubble motion is negligi-
bly small. This result is also confirmed by the present acous-
tic measurements. Therefore, the characteristics of the spec-
trum are similar to those of spherical bubbles, i.e., without an
emission band from the OH− molecular complex.

In a cloud of bubbles, as encountered in MBSL studies, a
greater probability for the occurrence of ultra-high-velocity
jets is possible. Bubble splitting leading to the formation of
high-speed liquid jets due to the presence of other bubbles
have been demonstrated by Blake et al. �24�. This process
would presumably lead to the same OH− emission as de-
scribed above. Another accelerating effect on the jet velocity
may be the interaction of an acoustic transient emitted by
bubbles collapsing in the neighborhood of the jetting bubble
�13�. It is well known that a strong acoustic transient hitting
a bubble will induce collapse of the bubble, forming a high-
speed liquid jet that completely penetrates the bubble at its
minimum volume. This process is independent of any bound-
ary in the vicinity of the bubble and the direction of the jet is
the same as the propagation direction of the acoustic wave.

V. CONCLUSIONS

We have found that the spectrum of a bubble collapsing
near a single rigid boundary shows only a smooth con-
tinuum. In contrast, the luminescence spectrum of a bubble
collapsing between two parallel rigid boundaries shows an
emission band from the OH− radical at 310 nm, similar to
that observed in the MBSL spectra of water. The appearance
of the OH− band in the spectrum may be related to
ultra high-velocity jets that accompany the splitting of the
bubble into two just prior to the minimum-radius collapse
point. For the single boundary the jet is apparently only
formed after the collapse point, when the gases have cooled
and OH− can no longer be formed. In both cases, the spectral
radiance can be fitted with a blackbody curve at a tempera-
ture that decreases with the relative distance between bubble
and boundary.
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