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Spectrum of Luminescence from Laser-Created Bubbles in Water
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The spectrum of the luminescence emitted at the collapse of single laser-induced bubbles in water is
measured for different maximum bubble radii. Bubbles as large as 2 mm show a molecular OH� band
at 310 nm in the spectrum, which otherwise can be fitted approximately with a blackbody curve at a
temperature of 7800 K. This finding provides a connection between the light emission of single bubbles
and multibubble sonoluminescence, since in the latter case the same molecular band is observed. Surface
instabilities are observed in the larger bubbles, and may be connected with the OH� emission.
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The energy focusing of a collapsing bubble in water can
lead to the emission of photons of energy 6 eV and higher,
the phenomenon observed in single-bubble sonolumines-
cence (SBSL) [1,2]. The exact mechanism of the lumines-
cence from single bubbles trapped in a sound field is still
debated [3,4], in part because of the challenges presented
in probing the light-emitting region, which is thought to
be less than a few micrometers in diameter. It is of inter-
est to scale up the bubble size in order to compress more
mass and study consequently larger hot spots. There is
also the puzzle of understanding the relationship of SBSL
to multibubble sonoluminescence (MBSL) [5,6], which is
light emission from the cloud of bubbles in a fluid cavi-
tated continuously with an intense sound field. The spec-
trum of MBSL [6] shows an emission band from the OH�

molecular complex which starts at 306.4 nm and peaks
near 310 nm, while SBSL shows only a smooth contin-
uum spectrum that increases into the ultraviolet without
any obvious lines [7,8].

We report measurements of the spectrum of the light
emission from single collapsing laser-induced bubbles in
water that have different maximum radii. Figure 1 shows
the OH� spectral band emerging from a continuous spec-
trum with increasing bubble size, the same band previously
found in the optical spectra of MBSL. In the remainder
of the paper we compare the features of these spectra of
laser-created bubbles with the spectra of MBSL and SBSL,
and discuss the possibility that instabilities in the bubble
shape play a role in the occurrence of spectral lines for
large bubbles.

The bubbles are created from a focused laser pulse
that initially vaporizes the water, giving rise to a bubble
that first expands, reaches a maximum radius, and then
collapses in a time of order 100 400 ms that is directly
proportional to the maximum radius [9,10]. The exact
composition of the gas being compressed in the bubble
collapse is not known, but probably consists primarily
of atomic and molecular hydrogen and oxygen, and any
water vapor that is unable to condense onto the bubble
wall. The luminescence pulse is emitted precisely at
the minimum-radius collapse point, and the width of the
pulse is several nanoseconds, increasing as the maximum
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bubble size increases [10]. The range of bubble radii that
can be created by this method (0.2–2 mm) is much larger
than the bubbles of SBSL, which have a maximum radius
about 50 mm.

A Nd:YAG laser producing 6 ns pulses with a maximum
energy of 600 mJ at 1064 nm is collimated and focused
to a point about 10 mm in diameter to cavitate the high
purity water sample, as previously described in Ref. [10].
The laser energy is adjusted to the threshold for creating
just a single bubble, estimated to be of order 100 mJ. The
water is inside a sealed cell having quartz windows for
monitoring the emitted light with a photomultiplier, and
the radius of the bubble versus time is monitored by a
shadowgraph technique and by pulsed-laser photography
through a long-distance microscope. To obtain a spectrum,
light emitted from the bubble region is also collected and
collimated by a MgF2-coated paraboloidal mirror. A sec-
ond paraboloid mirror focuses the collimated beam into
the entrance slits of a 0.3 m spectrometer with a gateable

FIG. 1. Spectra of the collapse luminescence as the bubble size
is increased, showing the growth of the OH� band at 310 nm.
These are averaged over 40–50 bubbles, having maximum radii
in the range indicated, and have been offset in the vertical direc-
tion to separate them (they are normalized to all coincide with
the lowest curve between 500–700 nm).
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intensified charge-coupled device (ICCD) detector. To re-
ject light at higher order, long-pass filters at either 300
or 500 nm are placed in front of the spectrometer. The
spectral response from 200–800 nm is calibrated for de-
tection efficiency against a tungsten-halogen lamp and a
deuterium lamp, with and without the cell in place to cor-
rect for the absorption of the water and windows. Two
different gratings are used, having a spectral range on
the ICCD detector of about 200 nm (2 nm resolution) and
30 nm (0.3 nm resolution), respectively. To get a sufficient
signal for a spectrum it is necessary to average the light
from 40–50 bubbles over a small range of bubble sizes.

We find that for small bubbles the spectrum of the col-
lapse luminescence (the lowest curves in Figs. 1 and 2)
has a smooth continuum which peaks at about 380 nm and
then decreases into the ultraviolet. This is approximated by
a blackbody spectrum with a temperature of 7800 K (solid
curve in Fig. 2), consistent with compressional heating of
the gas in the bubble and creation of a thermal plasma.
However, as the bubble size is increased the OH� molecu-
lar band becomes readily apparent in the spectrum (Fig. 1),
providing a link with the phenomenology of multibubble
sonoluminescence, which also can have bubble sizes in
the millimeter range [5,6]. To check the time dependence
of the OH� band the luminescence is viewed with two
photomultipliers, one with a filter which only passes light
between 303 and 313 nm. There appears to be little differ-
ence between the two pulses, so to within an uncertainty
of 1–2 ns it appears that the band is coincident with the
continuum. We cannot resolve the spatial origin of the dif-
ferent parts of the spectrum; it is possible that the OH�

band could come from the cooler region at the bubble

FIG. 2. Spectral intensity versus wavelength for the lumines-
cence from small bubbles (0.6–0.8 mm maximum radius), from
the initial laser-induced plasma, and from an SBSL cell posi-
tioned at the point where the laser bubbles are created. Intensi-
ties have been scaled arbitrarily between the different curves.
surface, and the continuum from the hotter center of the
bubble. We find little detectable change in the continuum
spectrum with bubble size even for the largest bubbles.

The ionization of the water by the YAG pulse creates an
initial plasma 50 80 mm in radius that emits a bright pulse
of light. The pulse has a duration of about 100 ns, with
then a weak tail decaying over several ms. The spectrum
of this pulse, plotted in Fig. 2, shows an intensity rising
smoothly into the ultraviolet with no visible atomic lines.
This compares well with a blackbody spectrum at a tem-
perature of 16 000 K (the dashed curve in Fig. 2). Simi-
lar blackbody spectra have been observed previously for
laser-induced plasmas in water [11], where a blackbody
temperature of 10 000 K was found for a smaller incident
laser power of 5 mJ. By gating the ICCD just after the
main pulse, in the tail region, we find that the spectrum
then consists primarily of the feature from the OH� band
at 310 nm. The OH� is presumably formed as a product
of the plasma recombination process.

Since SBSL also shows a spectrum rising smoothly into
the ultraviolet [7], we decided to compare an SBSL spec-
trum directly with our results on the initial plasma. An
acoustical SBSL cell at 33 kHz was mounted into the
sample region of our setup, filled with water at 150 torr
partial pressure of dissolved air. This cell was carefully
aligned to center the acoustically trapped bubble to the
same point where the laser created the plasma in the pre-
vious experiment. Figure 1 shows the spectrum result-
ing from integrating several seconds of the SBSL pulses.
This appears to have nearly the same wavelength depen-
dence as that of the initial plasma, i.e., that of a blackbody
at 16 000 K. SBSL spectra were initially interpreted in
terms of blackbody emission, but doubts arose that such
a small hot spot could be completely opaque to photons
[3,12]. Our result, and a reanalysis of other SBSL spectra
[13], supports a conclusion that SBSL is at least approxi-
mated by blackbody emission from a weakly ionized ther-
mal plasma.

Our previous results on laser-induced bubbles showed
that the intensity of the luminescence was independent of
the presence or absence of dissolved gases in the water
[10]. We have verified that this also holds for the emission
spectra of Figs. 1 and 2; no difference at all could be seen
between water samples completely degassed and those left
with the ambient 1 bar dissolved air. The results shown in
this paper are all for the ambient 1 bar samples.

We find that adding 0.1 molar NaCl to the water leads
to the appearance of sodium D lines at 589 nm, in both the
initial plasma emission (as also seen in Ref. [11]) and the
collapse luminescence of bubbles of all sizes. In the initial
plasma pulse the two D lines are broadened so much they
are not resolved, while 1 ms later in the colder tail they
become distinct. They are also not resolved in the collapse
emission. The appearance of the D lines provides a fur-
ther connection to MBSL, where they are also observed
[6] with the addition of salt, but have never been seen in
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SBSL. In our case of laser-induced bubbles the appear-
ance of the lines is perhaps not surprising, since an appre-
ciable quantity of salt is ionized in the initial laser plasma,
and then remains in the bubble for the subsequent com-
pressional heating, plasma formation, and emission at the
collapse point. There is no obvious mechanism for getting
salt into the interior of an SBSL bubble since the vapor
pressure of the NaCl is so small.

The bubble and the collapse luminescence can be im-
aged by viewing the microscope output with the ICCD
camera. By backlighting the bubble with a train of 200 ns
pulses from an argon-ion laser, multiple images of the
bubble can be captured on a single frame, along with
the luminescence flash, as shown in Fig. 3. For smaller
bubbles the collapse is spherical and centered on the lu-

FIG. 3. Photographs of the bubbles, backlit with 200 ns pulses
from an Ar-ion laser. (a) The luminescence from the hot spot is
visible in the center of a collapsing bubble of maximum radius
0.45 mm, shown for five exposures on the collapse (negative
times in ms from the luminescence pulse at 92 ms) and one on
the asymmetric rebound (positive time). (b) Three exposures of
a bubble after the collapse point, showing the formation of a jet-
like structure on the rebound. (c) Enlarged view of the lumines-
cence hot spot from a bubble with 0.8 mm maximum radius.
(d) Double flash from a split bubble of maximum radius 1 mm.
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minescence pulse, as seen in Fig. 3a, but the rebounding
bubble just past the collapse is always quite asymmetric
initially, as seen in Fig. 3a at 13.1 ms past the collapse
point. It only regains a nearly spherical shape tens of ms
later. This behavior is probably the result of the high ac-
celeration of the bubble wall at the collapse point, giving
rise to Rayleigh-Taylor instabilities [14]. Occasionally we
observe that these instabilities are strong enough that jet-
like structures are formed in the rebound region, as shown
in Fig. 3b. Figure 3c shows an enlarged view of the emis-
sion hot spot, which appears to be fairly uniform with a
diameter of about 25 mm (full width at half maximum in-
tensity), in agreement with previous measurements [15].

For bubbles whose maximum radius is greater than
about 1 mm a further instability becomes apparent: just
before the collapse point they are often seen to split in two
(similar to the pressurized smaller bubbles of Ref. [10]),
with each one giving off a luminescence pulse, as shown
in Fig. 3d. The time between the two pulses varies with
each split-bubble event, but is generally of order 10–20 ns.
The spectra of these split bubbles is identical to those
of Fig. 1 (where only single-pulse events were selected),
showing again the OH� band.

It seems quite possible that the onset of the OH� emis-
sion for bubbles larger than 1 mm could be connected
with the strong surface instabilities we observe for these
bubbles. Similar arguments were advanced in Ref. [6] for
the case of MBSL, and it has also been proposed [16]
that jets across the bubble interior could greatly affect
the plasma formation. It is clear that further observations
closer to the collapse point using faster laser pulses will be
needed to check this in detail.

The radius of the bubble versus time can be monitored
with a shadow technique [10]. To get higher resolution in
the region of the collapse minimum, we have partially fo-
cused the backlighting laser beam to a spot size of about
0.6 mm. Figure 4a shows data for a bubble whose maxi-
mum radius is 1.2 mm. The beam is disrupted by the
outgoing acoustic shock wave very close to the collapse
point, but enough of the dynamics can be obtained before
and after this that fits can be made to the Rayleigh-Plesset
equations [17] for the bubble dynamics, shown as the solid
line. From the fit parameters of Rmin � 0.035 mm and a
bubble pressure of 0.5 mbar at Rmax, the temperature of
the compressed gas can be obtained (assuming crudely
that the specific-heat ratio g � 7�5), as shown in Fig. 4b.
The thermal ionization of the gas is also shown, as cal-
culated from the Saha equation [18], making the assump-
tion that the ionization potential is the 13.6 eV of atomic
hydrogen. Since the ionization depends exponentially on
the temperature it is appreciable for only a short time; the
half-width of the weak ionization in Fig. 4b is 40 ns, which
compares to our measured pulse widths of about 8 ns for
a bubble this size. The light emission would occur only
when the plasma is present, since only then does the opac-
ity become appreciable [3,12]. The calculated maximum
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FIG. 4. (a) Bubble radius versus time near the collapse point,
fit to Rayleigh-Plesset equations of motion (solid line). (b) Gas
temperature in the bubble and ionization percentage, calculated
from the fit parameters.

temperature of about 25 000 K is likewise larger than the
blackbody temperature of 7800 K found above. This is
a very crude calculation that can only be expected to
yield order-of-magnitude estimates; we hope this data will
stimulate more detailed and accurate theories of these
freely collapsing bubbles.

In summary, we have measured the spectrum of lumi-
nescence from collapsing laser-created bubbles in water. A
continuum is found that approximates a blackbody spec-
trum at 7800 K; however, as the bubble size is increased a
molecular band from OH� becomes apparent in the spec-
trum. This provides a connection to multibubble sonolu-
minescence [6] and to unstable SBSL [8], where the same
line is observed. The appearance of the OH� band may be
related to the unstable dynamics of these larger bubbles
in the vicinity of the collapse point. Further work will
be needed to understand the details of the plasma creation
process, and how the the bubble-wall instabilities might
affect it.
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