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Single-bubble sonoluminescence in aqueous solutions of NaCl
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Abstract

We present the results of single-bubble sonoluminescence experiments in aqueous solutions of NaCl at different
concentrations and temperatures. We show that sonoluminescence is observed from a bubble moving along quasistable
trajectories in solutions of appropriately high concentration. q 1999 Elsevier Science B.V. All rights reserved.
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The main experimental parameters on which
sonoluminescence depends are the type of the liquid,
the nature and the amount of gas dissolved in the
liquid, the frequency and the amplitude of the ap-
plied acoustical pressure and the temperature of the

w xliquid 1 . These parameters decide the value of the
ambient radius R of the bubble which together with0

the amplitude of the acoustical pressure, the amount
of the gas dissolved in the liquid and the temperature
of the liquid define the parameter space in which

w xexistence of sonoluminescence is described 2–4 . In
dependence on the values of above parameters we

w xobserve stable or unstable sonoluminescence 5–7 .
The stable sonoluminescence is characterised by the
light pulses being emitted at equally distanced time

Žmoments the phase of light emission as measured in
.relation to the phase of acoustical field is constant .

For the unstable sonoluminescence phase of the light
pulses drifts in time exhibiting sudden jumps after
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which drift is continued. We show in this article that
between sudden phase jumps sonoluminescing bub-
ble can move along the quasistable trajectories. Most
of the research on single-bubble sonoluminescence
was done with water. The intensity of the sonolumi-
nescence pulses rises when the temperature of the

w xwater is lowered 8 . If this also holds true for the
liquids of lower than water solidification tempera-
ture, it should be possible to obtain sonolumines-
cence of higher intensity. The results of experiments

w xwith various alcohols published in Ref. 9 showed
that, although in all the investigated cases the sono-
luminescence intensity increased with decreasing
temperature, it was always lower than observed us-
ing water at room temperature.

In this article we present results of sonolumines-
cence experiments carried out on aqueous solutions

Ž .of NaCl of different concentrations up to 4.5 M and
Ž .different temperatures from q108C to y108C . We

used cylindrical resonator of 65 mm diameter, one
end open with piezoelectric ceramic glued to the
bottom of this resonator. The resonator made of
pyrex, was supplied with two observation windows
distant from the resonator wall by 35 mm. The
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windows were kept at the room temperature. The
spaces between the windows and the resonator wall
were filled with dry argon, which permitted the
observation and registration of sonoluminescence
even though the resonator wall was covered with
condensation when the temperature of the liquid in
the resonator was lower than the room temperature.
The whole resonator was placed in an insulation box
made of styrofoam, which stabilised the temperature
during experimental runs, which were several hours
long. The aqueous solutions of NaCl were prepared
using tap water filtered with a ceramic filter and
kitchen salt, at the pressure of air in water of about
200 mm Hg. The sonoluminescence signals, regis-
tered with a photomultiplier, fluctuated considerably
with time, and we always took the maximal value of
the photomultiplier signal measured during a 10 min
long observation time as a measure of sonolumines-
cence intensity. The frequency of the applied acous-
tical field needed to levitate a bubble and to observe
sonoluminescence depended on NaCl concentration,
rising for higher concentrations of the solution. All
the results presented in this article were obtained at
frequencies between 25 500 and 28 000 Hz. When
the experimental conditions for single-bubble sono-
luminescence were met and the beam of white light
was sent through the resonator, the levitating and
oscillating bubble could be seen with the naked eye.
The radius of the observed bubble was the mean
radius of the oscillating bubble and the word ‘radius’
is used in this sense in the description, which fol-
lows. An increase in the amplitude of the acoustical
pressure caused radius of the bubble to go through a

w xseries of characteristic stages described in Ref. 5 .
For small pressure amplitudes the bubble oscillated
regularly, levitating in a steady position in space.
With increasing acoustical pressure, the bubble
started changing its position in a chaotic way, which
could be described as ‘dancing’. At the pressure

Ž .amplitude p see Fig. 1 dancing ceased and a0

further increase in the pressure amplitude caused the
bubble to shrink. The bubble radius reached a mini-
mum at the pressure amplitude p and then started1

increasing at higher pressures. At the pressure ampli-
tude p the bubble disappeared. Sonoluminescence2

was observed at pressure amplitudes between p and1

p . In aqueous solutions of NaCl at appropriately2

high concentrations the above scenario of changes in

Fig. 1. Schematic diagram showing the dependence of sonolumi-
nescence intensity on the acoustical pressure p. The intensity of
the light emitted at pressure pX is I and at p is I .s 2 u

the bubble radius with applied acoustical pressure
became modified. The pressure amplitude range
p yp at which sonoluminescence was observed1 2

Ž .could be divided into two parts see Fig. 1 . At
pressure amplitudes between p and pX we observed1

sonoluminescence from a bubble occupying a stable
position in space. At the pressure amplitudes be-
tween pX and p bubble emitted light while moving2

along a trajectory, examples of which are shown in
Fig. 2. These photographs were taken along the
direction perpendicular to the free surface of the
liquid. The trajectories appeared to have shapes of

Ž Ž . Ž ..closed curves see Fig. 2 a and Fig. 2 b , among
which ‘eights’ were observed quite frequently. There
were also trajectories in the form of open curves as

Ž . Ž .in Fig. 2 c and Fig. 2 d . Sometimes the trajectories
formed segments of a straight line or an ellipse. Most
of these curves were three-dimensional and Fig. 2
shows their projections on a photographic plate. The
spatial extent of these curves was usually smaller
than 1 mm. A particular trajectory would remain
stable for a period of few seconds. After this time
period, the shape of a given trajectory would change
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Fig. 2. Photographs of the trajectories of sonoluminescing bubble.
All photographs were taken using a 3 M solution at the tempera-
ture 08C. The exposure was 1r4 s, a detailed description is given
in the text.

spontaneously to another form which would some-
times be established a few millimetres away as shown

Ž .in the Fig. 2 d in which the photograph was taken
with a 1r4 s exposure. During this time the light
emitting bubble would jump from one trajectory to
another, shifted in space. We observed these jumps
for periods of time exceeding 45 min. After the
bubble disintegrated, the new bubble could be formed
by distorting the liquid surface with wire tip. As the
jumps from one trajectory to another take place
during seconds we assume that observed by us phe-
nomenon is a visualisation of unstable sonolumines-
cence. During the movement along particular trajec-
tory bubble grows by rectified diffusion until surface
instabilities cause its disintegration. After disintegra-
tion it starts sonoluminescing from another place.
The movement of sonoluminescing bubble along the
quasistable trajectory is probably connected to an
imperfection of our resonator.

Let the intensity of the stable sonoluminescence
Žbe I and of the unstable sonoluminescence I sees u

.Fig. 1 . The dependence of sonoluminescence inten-
sity on solution concentration is shown in Fig. 3. At

Žconcentrations smaller than 2 M 0.13 kg of NaCl in
.1 l of solution only stable sonoluminescence was

observed. At concentrations higher than 2 M both
types of sonoluminescence were present. The inten-
sity of stable sonoluminescence was decreased with
increasing concentration as the intensity of unstable
sonoluninescence increased.

Fig. 3. Plots of stable I and unstable I sonoluminescences u

intensities at 08C in relation to solution concentration.

Characteristic is dependence of sonoluminescence
intensity on temperature; the intensity of emitted
light was found to be higher at lower temperatures.
Lowering the temperature from 208C to 08C caused

w xthe intensity to increase by a factor of 10 8 . Fig. 4
shows the dependence of intensities I and I ons u

temperature at a concentration of 3 M. The I in-u

creased by factor of 4 as the temperature was varied
from q108C to y108C. At other concentrations the
intensity I was found to rise similarly with decreas-u

w xing temperature. Matula et al. 10 compared the
multibubble and the single-bubble sonoluminescence
spectra in aqueous solution of NaCl. The spectrum of
multibubble sonoluminescence exhibits two distinct
peaks above the continuous background, which rises
monotonicaly towards shorter wavelengths. They at-

Fig. 4. Plots of intensities I and I at a concentration of 3 M ins u

relation to the temperature of the solution.
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Fig. 5. A plot of the ratio I r I at 08C in relation to theNa Ba

concentration of the solution.

tribute the peak near 310 nm to the OHU group, and
the second peak at 589 nm to the resonance sodium
lines. The single-bubble sonoluminescence spectrum
consists only of a smooth continuum with no peaks.
Analogous spectra without peaks were obtained for

w xsingle-bubble sonoluminescence in alcohols 9 . Mat-
w xula et al. 10 studied the single-bubble sonolumines-

cence spectrum using a solution of 0.1 M concentra-
tion. In this investigation we looked for sodium lines
in the single-bubble sonoluminescence spectra using
solutions of higher concentrations. We carried out
our measurements with interference filters, using two
filters for the resonance lines of sodium and barium
with peak transmission at 589 nm and 554 nm,
respectively. Both filters had half widths Dls7
nm. We denoted the intensities of light registered
with the sodium filter as I , and with the bariumNa

filter as I . The ratio I rI for various concentra-Ba Na Ba

tions is shown in Fig. 5. Whenever there are sodium
lines present in the sonoluminescence spectrum the
ratio I rI should be higher than when using pureNa Ba

w xwater. Matula et al. 10 found the ratio I rINa Ba

measured in the spectrum of multibubble sonolumi-
nescence using a 0.1 M aqueous solution of NaCl to
be about 5. The results shown in Fig. 5 indicate that
even for concentrations 45 times higher than that

w xused in 10 sodium lines do not appear in the

single-bubble sonoluminescence spectrum of aque-
ous solutions of NaCl.

This study has led to the following main conclu-
sions. We showed that in an aqueous solution of
NaCl of appropriately high concentration the sonolu-
minescence is emitted from a single bubble moving
along quasistable trajectories. We cannot give the
full explanation of our experimental observation but
we suppose that our observation is the manifestation
of unstable sonoluminescence. The jumps from one
to another trajectory are particularly well describe by
the term recycling sonoluminescence introduced by

w xHolt and Gaitan 2 . We found that even at high
concentrations of NaCl in water there is not even a
suggestion of sodium lines in the sonoluminescence
spectra. This fact supports the dissociation hypothe-

w xsis 3 according to which no chemically active
species exist in sonoluminescing bubble. Similarly as
for other liquids the intensity of sonoluminescence in
aqueous solutions of NaCl increases with decreasing
temperature.
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