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somewhat slower) mixing for spatially periodic forcing; (4) for
temporally non-periodic forcing, there are no recurrences.

The one-dimensional spatial power spectrum E(k) computed in
the standard way10 provides a useful diagnostic for the development
of fine structure in the concentration field. An example is shown in
Fig. 4a for time-periodic forcing using the spatially disordered
magnet array (as in Fig. 2), at several different times. For
l , t , 10, the high frequency tail of E(k) rises, as stretching and
folding produce fine structure. Later, the entire spectrum declines
at all frequencies with little further change of shape. The decline at
high k is due to diffusion, and the decline at low k is due to the
continuing transport of spectral variance to high k by stretching.
The spectrum does not follow a well-defined power law (nor is one
expected6 for transient mixing); it is steeper at higher k. The
behaviour of the second spectral moment 〈k2〉, shown in Fig. 4b,
increases rapidly at first and then essentially saturates, consistent
with the asymptotic structure noted earlier.

The fine structure of the dye pattern may also be investigated by
studying the PDF of the magnitude of the concentration gradient.
An example is shown in Fig. 5 for the same conditions as in Fig. 2.
Gradients have been expressed in units of the standard deviation of
the concentration field to compensate for the gradual homogeniza-
tion. It is striking to see that the gradient PDF reaches an invariant
form that is essentially identical at t ¼ 20 and 50 periods. The
distribution at high gradients is accurately exponential. Such
exponential tails for distributions of concentration gradients have
been noted in several theoretical studies13. When the same experi-
ment is done for the weakly turbulent flow at lower viscosity, the
resulting distribution is similar to that of Fig. 5 for t ¼ 10, but the
shape continues to evolve, approaching a maxwellian distribution
(characteristic of independent gaussian components) at longer
times. Therefore, the large gradients are attenuated more rapidly
than are small gradients for the turbulent flow. Diffusion broadens
the striations in two-dimensional turbulence, but not in chaotic
mixing.

We find that chaotic mixing, produced by time-periodic cellular
flows, leads to a remarkable persistent spatial structure, a complex
pattern that recurs periodically while its contrast decays slowly with
time. The recurrence is surprising (when first encountered) since
additional striations are created during each cycle. The correspond-
ing spatial power spectrum retains its shape as it declines simulta-
neously at all wavenumbers owing to a delicate balance of two

distinct processes: stretching and diffusion. The probability dis-
tribution of the magnitude of the concentration gradient reaches an
invariant form (when suitably normalized) with a peak at non-zero
gradient and exponential tails. All of these properties show that the
recurrent mixing pattern represents a dynamical non-equilibrium
state rather than a static condition. Finally, we note that identically
forced but weakly turbulent flows at lower viscosity become
homogeneous and transport material much more rapidly than the
time-periodic flows manifesting chaotic advection. However, tur-
bulence is generally unavailable when mixing in small scale devices
is required. M
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Figure 5 Probability distribution of the magnitude of the concentration gradient for chaotic
mixing (Fig. 2). The distribution, here normalized by the standard deviation of the intensity
field to compensate for the gradual loss of contrast, reaches an invariant form after about
20 periods, with a peak at finite gradient and an exponential tail.
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Acoustic cavitation—the formation and implosive collapse of
bubbles—occurs when a liquid is exposed to intense sound.
Cavitation can produce white noise, sonochemical reactions,
erosion of hard materials, rupture of living cells and the emission
of light, or sonoluminescence1,2. The concentration of energy
during the collapse is enormous: the energy of an emitted
photon can exceed the energy density of the sound field by
about twelve orders of magnitude3, and it has long been predicted
that the interior bubble temperature reaches thousands of degrees
Kelvin during collapse. But experimental measurements4,5 of
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conditions inside cavitating bubbles are scarce, and there have
been no studies of interior temperature as a function of experi-
mental parameters. Here we use multi-bubble sonoluminescence
from excited states of metal atoms as a spectroscopic probe of
temperatures inside cavitating bubbles. The intense atomic
emission allows us to change the properties of the gas–vapour
mixture within the bubble, and thus vary the effective emission
temperature for multi-bubble sonoluminescence from 5,100 to
2,300 K. We observe emission temperatures that are in accord with
those expected from compressional heating during cavitation.

We previously discovered that sonication of solutions of Fe(CO)5,
Cr(CO)6 and Mo(CO)6 produced multi-bubble sonoluminescence
(MBSL) spectra from excited states of iron, chromium, and molyb-
denum atoms6. Improved spectral resolution now enables us to use
these emissions to determine effective temperatures for the emitting
excited states. As an example, calculated and observed spectra for Cr
under Ar at 20 kHz are given in Fig. 1; the synthetic spectra are
generated using the theory of atomic emission7. Analogous spectra
were also collected for Mo and Fe in order to test the validity of this
method. The relative integrated intensities (I1/I2) of two atomic
lines emitted from the different excited states of the same metal
atom are given by equation (1):

I1

I2

¼
g1A1l2

g2A2l1

exp½ðE1 2 E2Þ=kTeÿ ð1Þ

where g is the degeneracy of the electronic state, A is the Einstein
transition probability for the electronic transition, l is the wave-
length of the emitted line, E is the energy of the electronic state, and
Te is the electronic temperature. The transition probabilities, degen-
eracies, wavelengths, and excited-state energies were taken from the
literature8–10. This technique has been well established for flame and
plasma diagnostics11,12, and is proving to be a versatile method of
determining the effective temperature of cavitational bubble col-
lapse under a variety of experimental conditions.

The temperatures from three different metal atomic line emis-
sions yielded very consistent results. High-resolution spectra of the
MBSL emission from Cr and Mo atoms were collected from
solutions of the hexacarbonyl complexes of these metals (Fig. 1
inset). The relative intensity of each line within a given multiplet was
measured from these spectra, and the relative intensity of each
multiplet was then determined from lower-resolution spectra. This
process allowed for a line by line comparison of relative intensities
for these two metals across the entire spectral window. The tem-
peratures were then determined by the use of atomic Boltzmann
plots13: Cr and Mo atom emission temperatures were respectively
4;700 6 300 K and 4;800 6 400 K, under Ar at 20 kHz. The linearity
of these plots also indicated that the emission is thermally
equilibrated. The high resolution MBSL spectra of Fe emission are
too complex to allow for the determination of individual line
intensities, and the experimental spectra were therefore compared
to synthetic spectra generated using equation (1), with an excellent
fit to data found for a temperature of 5;100 6 300 K.

We previously used two different techniques to measure the
temperature of cavitation in Ar-saturated liquids. The first made
use of sonochemical kinetics for a comparative rate thermometry
analysis of the dissociation of CO from various metal carbonyls5.
This technique is independent of sonoluminescence, and yielded an
effective reaction temperature of 5;200 6 500 K for the gas phase of
cavitation under Ar. The second technique applied spectral analysis
to C2 emission bands in the MBSL from the sonication of silicone oil
under Ar, giving an effective emission temperature of 5;075 6 150 K
(ref. 4). The temperatures reported here are in good agreement with
these previously determined values. We note that the previous
MBSL emission spectra of C2 under similar conditions also
appeared to be thermally equilibrated4,14.

These metal-atom emissions are the most intense sonolumines-
cence yet observed. This allows us to study MBSL under conditions
previously experimentally inaccessible. Multi-bubble sonolumines-
cence is generally believed to arise from compressional heating of
the bubble contents during the final stage of bubble collapse. The
intrabubble temperature should therefore depend on the properties
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Figure 1 Multi-bubble sonoluminescence (MBSL) emission from excited states of Cr
atoms. a, Calculated spectra as a function of temperature. b, The observed emission
spectrum compared to the best-fit calculated spectrum (4,700 K). Inset, observed
spectrum at higher resolution, which resolves the individual atomic emission lines.
Sonoluminescence was generated from 2.5 mM solutions of metal carbonyls (0.25 mM
for Mo(CO)6 due to solution absorbance) in poly(dimethylsiloxane) (Dow 200 silicone oil,
100 centistokes viscosity) irradiated at ,90 W cm−2 at 20 kHz (Heat Systems Mysonix
375, with 0.5 inch Ti horn), and spectra collected with an 0.5 m spectrograph (Acton
Research 505F with a Princeton Instruments IRY 512N diode array). The solutions were
continuously sparged with the appropriate gas during sonication, and each spectrum is
the average of at least 15 10-second collections. All spectra were corrected for
absorbance by the solution and for the response of the optical system. Imaging of the
MBSL shows that the emission comes from a dense cloud of emitting bubbles rather than
from a few exceptional ones.
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Figure 2 Effect of polyatomic gases on the observed emission temperatures from MBSL.
The MBSL spectra are from solutions of Cr(CO)6 in silicone oil, obtained as in Fig. 1. From
top to bottom, the sparge gas was Ar mixed with 0.0, 0.3, 1.0, 2.0, and 3.0 vol %
propane, yielding respective emission temperatures of 4,700 K, 3,700 K, 3,400 K,
3,100 K and 2,500 K.
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of the gas and vapour mixture within the bubble, particularly the
polytropic ratio (g ¼ Cp=Cv, ratio of heat capacities) and the
thermal conductivity. The effect of each of these parameters was
examined by collecting MBSL spectra from several liquids contain-
ing a variety of dissolved gases.

If emission results from compressional heating, the effective
temperature and pressure reached during cavitation will drop as
g decreases (for a given compression ratio). This prediction was
tested by collecting MBSL spectra from Cr(CO)6 solutions that were
saturated with Ar doped with low concentrations of various gaseous
hydrocarbons (methane, ethane, ethylene and propane). These
polyatomic molecules have much higher heat capacities than does
Ar, particularly at temperatures sufficient to populate their excited-
state vibrational modes. Note that the thermal conductivities of
these mixtures vary by less than a factor of two relative to argon.

The observed emission temperature does indeed decrease sub-
stantially as the polyatomic gas content is increased. For example, as
Ar is doped with increasing amounts (up to 3%) of propane (Fig. 2),
the emission temperature progressively decreases from 4,700 K to
2,500 K. The low resolution of the Cr spectra was necessitated by
the decreasing intensity of emission at the higher concentrations
of hydrocarbons. The measured emission temperatures for Ar
mixtures with various hydrocarbons (methane, ethane, ethylene
and propane) are given in Fig. 3. In all instances, the temperature of
MBSL decreases as the percentage of a given hydrocarbon is
increased (that is, as the polytropic ratio of the gas within the
bubble is decreased). Similar results were observed for Fe with
methane.

The very simplest model for cavitation assumes adiabatic com-
pression during bubble collapse2,15: a gas with a polytropic ratio g,
compressed from an initial radius Ri to a final radius Rf, with an
initial temperature Ti, has a final temperature Tf according to
equation (2):

T f ¼ T i

Ri

Rf

� �3ðg 2 1Þ

ð2Þ

This equation includes no dynamics of bubble motion, and neglects
all effects from thermal transport, solvent vapour pressure, and
chemical reactions within the bubble. Furthermore, equation (2)
assumes a temperature-independent g; however, g decreases sub-
stantially as excited vibrational states become fully populated and it
decreases even more if chemical reactions occur. Nonetheless, as
shown in Fig. 3, the data are fitted reasonably well by equation (2)
for a compression ratio of 3.65. We calculated the temperatures and

pressures during bubble collapse by finite difference using a tem-
perature dependent g, and can fit our data to within experimental
error. Given the lack of dynamics and the failure to incorporate
chemical reactions (whose endothermicity is not neglible compared
to the compressional heating), more detailed modelling16 will be
required to give meaningful results.

The polytropic ratio of the bubble interior can also be varied by
changing the identity and vapour pressure of the solvent. The
solvent vapours behave in the same manner as the gaseous hydro-
carbons described above: an increase in the solvent vapour pressure
is equivalent to increasing the percentage of hydrocarbon gas and
leads to similar drops in temperature. Both MBSL intensities17–19

and sonochemical rates20,21 decrease dramatically with solvent
vapour pressure increases. We collected MBSL spectra at different
bulk solution temperatures from solutions of Cr(CO)6 under Ar in
octanol, a low volatility liquid whose vapour pressure as a function
of temperature is well documented22. The results in Fig. 4 are
consistent with compressional heating of the bubble contents: the
temperature of MBSL decreases as the vapour pressure increases.
Similar results were observed using other long-chain alcohols and
alkanes, and using helium instead of argon.

Several reports have shown that the total intensity of MBSL from
solutions saturated with noble gases decreases as the thermal con-
ductivity of the noble gas increases. This has generally been attributed
to thermal transport during cavitation: compressional heating
combined with limited thermal transport in a ‘‘quasi-adiabatic’’
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collapse16,23–25. The rate at which energy is transferred out of the
bubble is expected to increase as the thermal conductivity of the gas
within the bubble increases. Bubbles containing helium, therefore,
should be cooler than bubbles containing argon or xenon, although
the predicted extent of this effect is debatable24. In order to examine
the importance of thermal conduction, MBSL spectra were obtained
from solutions of Cr(CO)6 in octanol saturated with different noble
gases. The results in Fig. 5 show that the temperature of MBSL
decreases as the thermal conductivity of the gas within the bubble
increases. Similar results were observed using dodecane.

We note that the thermal conductivities of the noble gases used
here span a factor of thirty, while the thermal conductivities of the
argon and hydrocarbon mixtures differ by only a factor of two,
therefore, the temperature changes observed upon the addition of
hydrocarbons to argon are not due to changes in thermal con-
ductivity.

We have shown that the observed emission temperature within
imploding cavitation bubbles depends on both the polytropic ratio
and the thermal conductivity of the bubble contents. The processes
occurring within the bubble, however, are more complex than can
be described by the simple physics of compressional heating. A
cavitation bubble functions as a small chemical reactor, and so the
identity of the bubble contents will change during bubble collapse.
The sonolysis of organic liquids generates H2 and C2H2 as well as
other small hydrocarbons20, and similar processes will occur during
the sonolysis of silicone oil. Evidence for this is seen in the MBSL
spectra: the spectra of all the systems described here contain features
attributable to excited states of C2 and CH (refs 4, 18, 26), and we
also find that sonication of silicone oil leads to intense emission
from excited Si atoms. These chemical processes can absorb large
amounts of energy during the compression. Furthermore, if suffi-
cient dissociation occurs, the sonolysis products (mostly diatomics
and polyatomics) will substantially lower the polytropic ratio and
increase the pressure inside the bubble. This makes it increasingly
difficult to further compress and heat the bubble27. These factors
will limit the temperatures achievable by compressional heating
within cavitation bubbles. M
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Current models of the global carbon cycle lack natural mechan-
isms to explain known large, transient shifts in past records of the
stable carbon-isotope ratio (d13C) of carbon reservoirs1,2. The
injection into the atmosphere of ,1,200–2,000 gigatons of
carbon, as methane from the decomposition of sedimentary
methane hydrates, has been proposed to explain a d13C anomaly3,4

associated with high-latitude warming1 and changes in marine5–7

and terrestrial8 biota near the Palaeocene–Eocene boundary,
about 55 million years ago. These events may thus be considered
as a natural ‘experiment’ on the effects of transient greenhouse
warming. Here we use physical, chemical and spectral analyses of
a sediment core from the western North Atlantic Ocean to show
that two-thirds of the carbon-isotope anomaly occurred within no
more than a few thousand years, indicating that carbon was
catastrophically released into the ocean and atmosphere. Both
the d13C anomaly and biotic changes began between 54.93 and
54.98 million years ago, and are synchronous in oceans and on
land. The longevity of the d13C anomaly suggests that the resi-
dence time of carbon in the Palaeocene global carbon cycle was
,120 thousand years, which is similar to the modelled response
after a massive input of methane3,4. Our results suggest that large
natural perturbations to the global carbon cycle have occurred in
the past—probably by abrupt failure of sedimentary carbon
reservoirs—at rates that are similar to those induced today by
human activity.

The carbon isotope record of marine carbonates is interrupted by
a transient negative d13C anomaly of −3‰ over an interval of
,100–200 kyr near the end of the Palaeocene1,9–13. In the oceans, the
d13C anomaly is associated with the extinction of 35–50% of
cosmopolitan benthic foraminifera7,10, the appearance of three
short-ranging planktic foraminifera5, a widespread increase in


