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reduction or an increase in coherence of illumination of the
collectors took place. Therefore, time spectra with counting rates
outside these limits were discarded.

To prove antibunching, a total of four spectra were accumulated
for about 30 h each. The first spectrum was for incoherent illumina-
tion of the detectors; the next three spectra were, respectively, for
partially coherent, totally coherent and then again for partially
coherent illumination. The evaluation procedure of the experimen-
tal time spectra consisted of smoothing and normalizing the
spectra, followed by visually superimposing the incoherent with
the coherent and partially coherent spectra, respectively. The results
are summarized in Fig. 3 and Table 1. The antibunching signal S,
that is, the missing coincidences AN in the coherent and partially
coherent spectra versus the incoherent spectrum, becomes visible as
a flattening of the peak in Fig. 3 within the time resolution window
of =13 ps. The measured relative reduction in coincidences
amounts to Sy =1.26X107? with a signal-to-noise ratio of 3.
This agrees with the theoretically expected value calculated from the
characteristic features of our cold tungsten field emitter. As
expected, the reduction in coincidence rate and the signal-to-
noise ratio are smaller for partially coherent illumination.

Antibunching—in general, interference between two particles
(second order coherence)—has now been observed for massive
free particles. This experimental technique opens a gateway to
new fundamental tests of quantum mechanics and statistics: for
example, observation of quantum statistics on interference
phenomena, and experimental tests of interaction of fields and
potentials with charged two-fermion systems'®™". d
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The energy efficiency of formation
of photons, radicals and ions
during single-bubble cavitation
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It is extremely difficult to perform a quantitative analysis of the
chemistry'” associated with multibubble cavitation: unknown
parameters include the number of active bubbles, the acoustic
pressure acting on each bubble and the bubble size distribution.
Single-bubble sonoluminescence®” (characterized by the emis-
sion of picosecond flashes of light) results from nonlinear pulsa-
tions of an isolated vapour-gas bubble in an acoustic field.
Although the latter offers a much simpler environment in
which to study the chemical activity of cavitation, quantitative
measurements have been hindered by the tiny amount of reacting
gas within a single bubble (typically <10~'>mol). Here we
demonstrate the existence of chemical reactions within a single
cavitating bubble, and quantify the sources of energy dissipation
during bubble collapse. We measure the yields of nitrite ions,
hydroxyl radicals and photons. The energy efficiency of hydroxyl
radical formation is comparable to that in multibubble cavita-
tion, but the energy efficiency of light emission is much higher.
The observed rate of nitrite formation is in good agreement with
the calculated diffusion rate of nitrogen into the bubble. We note
that the temperatures attained in single-bubble cavitation in
liquids with significant vapour pressures will be substantially
limited by the endothermic chemical reactions of the polyatomic
species inside the collapsing bubble.

Single-bubble sonoluminescence (SBSL)** has attracted much
attention owing to both the apparent simplicity of its creation and
the complexity of processes occurring during bubble pulsation. A
single bubble of gas can be trapped in partially degassed liquid by a
standing acoustic wave and driven into highly nonlinear pulsations.
At appropriate acoustic intensities, the bubble can emit short (~50—
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Figure 1 The yields of nitrite ions, hydroxyl radicals, and photons from a single cavitating
bubble at 52 kHz in a 15-ml glass cell at 3°C. The SBSL apparatus is described
elsewhere?, Solutions of 10~ M disodium terephthalate in high-purity water were used
to measure the yields of hydroxyl radicals. Liquid was degassed and equilibrated with an
air pressure of 150 torr. The fluorescence of the product, 2-hydroxyterephthalate, was
measured at 425 nm (excitation: 315 nm)*’. 2-hydroxyterephthalic acid was
synthesized®® and used as a standard after calibration for the OH" trapping efficiency®.
The yields of NO, were measured from the fluorescence at 405 nm (excitation: 365 nm)
of the product of reaction of NO, with 2,3-diaminonaphthalene®. The acoustic pressure
at the position of the bubble was measured with a needle hydrophone (DAPCO), which
was calibrated against a Bruel and Kjaer 8103 hydrophone®'.
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500 ps) flashes®” of light with clock-like regularity®. The featureless
spectra of SBSL from 200 to 800 nm with the increasing intensity
toward the ultraviolet®® suggested the existence of extraordinary
temperatures inside the bubble, with black-body effective tempera-
tures® as high as ~20,000K. Ionization of the bubble contents
would also occur at these temperatures, so SBSL is now generally
believed to be due, at least in part, to black-body radiation,
bremsstrahlung and ion—electron recombination processes®°.

Before the discovery of SBSL, research on sonoluminescence and
sonochemistry was limited to studies of clouds of cavitating bubbles
formed in high-intensity ultrasound field"*. Using sensitive fluor-
escent analyses, we now report the yields of hydroxyl radicals (OH")
and nitrite ions (NO, ) from a single cavitation bubble. This
allowed us to determine energetic characteristics of sonochemical
activity of acoustic cavitation. We also present quantitative com-
parisons between single-bubble sonochemical rates and sonolumi-
nescence intensity.

A bubble pulsating in water containing dissolved air is thought to
contain primarily argon, because the N,, O, and H,O that diffuse
into the bubble during expansion should burn off to form soluble
products during bubble compression: the “dissociation hypoth-
esis”'". The expected initial products of chemical reactions inside
the bubble include OH" and nitrogen oxides (NO,). OH" will react
with organic compounds in the water or dimerize to H,0O,, and NO,
will react with water giving nitrite and nitrate ions.

The formation of OH" in multibubble sonochemistry of water
was predicted more than 50 years ago and measured quantitatively
using EPR spin-trap methods'?. The formation of nitrite and nitrate
ions in multibubble sonochemistry has also been measured, and the
yield of NOj is much lower than NO; (ref. 13).

We have now measured the yields of OH" and NO, from a single
cavitating bubble in water at 28 and 52 kHz, and at 3 °C and 22 °C.
Most experiments were conducted at 52kHz, as the smaller cell
volume gives a higher concentration of products. Spectra of SBSL
were collected under identical conditions, and a direct correlation
between the yields of photons and chemical products was observed.
In order to quantify gas diffusion processes, we also measured the
size of the cavitating bubble throughout its cycle by a direct
stroboscopic method'. The yields of photons, OH", and NO,
increase with increasing acoustic intensity, and the yields of OH’
and NO, are substantially higher than the number of photons
emitted (Fig. 1).

Our data allow a meaningful estimate of the yield of radicals and
ions per joule of absorbed energy (that is, a G value) for acoustic
cavitation. From Table 1, the G value for OH" formation during
single bubble cavitation is 1 X 10~ *molJ ' comparable to
3% 107 ""mol ™" for multibubble sonochemistry'?, but much less
than typical radiolysis G values of 3 X 10~ molJ~'. Previous
reports of G values for multibubble sonochemistry'® are difficult
to interpret because the absorbed acoustic energy is distributed
among all bubbles in the cloud to varying degrees, and not

Table 1 Quantitative sonochemistry in a single cavitation bubble at 52 kHz

Conditions 22°C 3°C
R, pm” 28.9 30.5
Number of OH" radicals per cycle 6.6 x 10° 8.2x10°
Number of photons per cycle 8.1 x 10° 7.5x 10
Number of NO5 ions per cycle 3.7 x 10° 9.9x 10°
Potential energy at Rmay (eV) 6.4 % 10'° 75x%x10'°
Energy to form OH" radicals (eV per cycle)t 3.4 % 10° 4.3%x10°
Energy to form NO3 ions (eV per cycle)t 1.6x 10° 42x10°
Energy of photons (200-750 nm) (eV per cycle) 2.7 x 10 2.6 x10°
Energy efficiency of sonoluminescencet 43x1077 35x107°°
Energy efficiency of sonochemistry§ 78x107° 11x1074

*Experimentally observed (see text). Acoustic pressure: 1.5 atm.

1From the enthalpy of formation of H,O — OH" + H" and of 2H,0 + 2N, 4+ O, — 4HNO, in the
gas phase at 273K and 1 atm, respectively.

FEnergy of photons/potential energy of bubble.

§Endothermicity of reactions/potential energy of bubble.
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exclusively to the few strongly cavitating bubbles that are chemically
active at any one time.

The potential energy possessed by a single bubble' at its maxi-
mum size, R .y, 15 the upper limit of the energy available for the
formation of radicals and ions. During bubble compression, the
potential energy of the bubble is converted into mechanical energy
(both bubble/liquid wall motion and shock waves into the liquid),
heat, chemical reactions and light emission. The data in Table 1 on
the yields of photons, radicals and ions can be used to calculate the
energy balance of a collapsing bubble. From the endothermicity of
the sonochemical reactions, we estimate that ~1 X 10~ * of poten-
tial energy of the bubble goes to the formation of radicals and ions
that escape the collapsing bubble, and that the energy of the photons
is another factor of 100 less.

This represents, however, only the lower limit of chemical
reactions within the bubble. Substantial recombination of radicals
or ions must occur inside the collapsing bubble and will be
converted to heat’. For a 30-pm-radius bubble containing 0.01
bar of water vapour, there are ~2.6 X 10'° water molecules present;
to dissociate all of these to hydrogen and oxygen atoms would
require ~2.5 X 10" eV, that is, several times the total potential
energy of the bubble. It is likely, therefore, that sonochemical
reactions within the bubble are the primary limiter of the efficiency
of the bubble collapse.

Spectra of SBSL were collected under identical conditions to
those used for the chemical analyses. As shown in Figs 2 and 3, the
spectral distribution of SBSL does not change with an increase in
acoustic intensity or of frequency. However, the spectra of sonolu-
minescence are dependent on the water temperature. This effect has
been previously reported for different gases dissolved in water®'®.
The ultraviolet component of SBSL is significantly less intense at
22°C even though the overall SBSL intensity is the same or even
higher at 22 °C compared to 3 °C (Figs 2 and 3). It is worth noting
that our measured energy efficiency of photon production by SBSL
is ~10* higher than that estimated grossly for multibubble sono-
luminescence'. In SBSL, substantial emission of deep-ultraviolet
photons that are absorbed by the liquid is likely to occur; this means
that our estimate of the energy efficiency of photon production is
only a lower limit.
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Figure 2 SBSL spectra of water collected at 52 kHz and 3 °C at acoustic intensities of
1.51,1.43 and 1.33 atm, and at 22 °C and 1.51 atm. Quartz windows were attached to a
15-ml glass cell for better transmittance in the ultraviolet. Spectra were collected at the
same acoustic intensities as chemical measurements, that is, at intensities where the
bubble can be stable for a long time. Maximum SBSL intensities in the same cells can be
~2 to 3 times higher for brief periods of time. SBSL spectra were collected using a Jobin-
Ivon Triax-320 monochromator with a spectrum one CCD detector (Instrument SA,
1,024 x 256 array). Spectra were corrected for light absorbance by water, quartz and the
response of the optical system against NIST traceable standard lamps (OLUV-40,
Optronics Lab., Inc. and EH-132 Eppley Lab). A long-pass filter was used for the data
collection at wavelengths above 400 nm in order to cut off the second-order light. For
absolute measurements of SBSL intensity, an OLUV-40 lamp with a neutral density filter
(Oriel Corp.) was used.
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Storey and Szeri conducted a detailed theoretical examination of
the effect of water vapour on SBSL and sonochemistry'’, and
predicted that water vapour must significantly decrease the peak
temperature inside the collapsing bubble by reducing compres-
sional heating and through endothermic chemical reactions. They
calculated that the temperature inside the bubble is ~7,000 K,
insufficient to cause substantial ionization of molecules, and thus
did not incorporate ionization in their model'’. Thus, SBSL can be
at least partially due to broadened emission from small molecules,
similar to multibubble sonoluminescence’. The calculated peak
temperature inside the bubble does not change as the compression
ratio (R pax/R min) increases: more water is trapped inside the bubble
at higher compression ratios, which counteracts the greater energy
initially deposited in the larger bubble'. It has been found in a
theoretical paper® that the excluded volume of the non-ideal gas
results in significant suppression of the particle-producing
endothermic chemical reactions within the bubble under sonolu-
minescence conditions. Thus, temperatures of up to 13,000 K can be
achieved, which is sufficient for considerable bremsstrahlung
emission.

Our data on the yield of nitrite ions during single-bubble
cavitation allow us to estimate the diffusion rate of nitrogen inside
the bubble and to compare it with theoretical predictions. N,, O,
and Ar will diffuse into a pulsating bubble in water containing
dissolved air during the expansion phase. When the bubble com-
presses, N, and O, react under the high-temperature conditions
inside the bubble and the products of these reactions dissolve in the
surrounding water. This selectively leaves Ar inside the bubble, and
after many pulsations the bubble will contain primarily Ar (ref. 11).
Small amounts of N, and O, diffuse into the bubble during each
expansion. If each molecule of nitrogen gives two molecules of
nitrite ions, we can estimate a theoretical yield of nitrite ions from
expected diffusion rates. Using a standard diffusion model'', we
would expect ~1.2 X 10° nitrite ions per cycle to be formed in the
range 3 °C to 22 °C. This is somewhat low compared to experiment
(by factors of 8 and 3 at 3°C and 22 °C, respectively), probably
owing to the neglect of convective flows around the cavitating
bubble, which would increase calculated rates of diffusion into the
bubble.

Observation of chemical activity from single-bubble cavitation
has been claimed recently by LePoint and co-workers*"**, but these
authors assert that the chemical yields were uncorrelated with the
observation of sonoluminescence. Chemical activity was reported
from a single bubble in an aqueous solution of carbon tetrachloride
containing a mixture of sodium iodide and starch®'; however, we
observe under similar conditions that such ‘bubbles’ are actually
droplets of CCl,; whose presence appears to enhance the already
facile oxidation of aqueous iodide. The only other report of single-
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Figure 3 SBSL spectra of water collected at 28 kHz from a 100-ml quartz cell at 3 °C,
1.66 atm; 3°C, 1.38atm; 22°C, 1.5atm and 3°C, 1.32atm.
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bubble sonochemistry consists of the formation of solid particles
(composition undetermined) during pulsation of a single bubble in
an aqueous solution of carbon disulphide®.

The paper by Taleyarkhan et al.” announcing the observation of
D-D nuclear fusion during neutron-induced acoustic cavitation has
proved highly controversial**. The authors claim the observation of
neutrons and production of tritium after neutron-induced cavita-
tion of perdeuterated acetone (C3;DgO). Our results raise an
important question. Acetone is considerably more volatile than
water (30 kPa versus 3.2 kPa at 25 °C; 9.0 kPa versus 0.6 kPa at 0 °C),
therefore cavitating bubbles in acetone will contain many more
polyatomic molecules. The temperatures reached during cavitation
will be substantially limited by the endothermic chemical reactions
of the polyatomic molecules inside the collapsing bubble. We
therefore expect that the extraordinary conditions necessary to
initiate nuclear fusion will be exceedingly difficult to obtain in
any liquid with a significant vapour pressure. However, the possi-
bility of such events® in very low volatility liquids (for example,
some polar organic liquids*, molten salts or liquid metals) cannot
be ruled out.

The present results show that endothermic sonochemical reac-
tions within a collapsing bubble are a major limitation on the
conditions produced during cavitation. O
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Microcrystalline TiO, with an anatase crystal structure is used as
an anode material for lithium rechargeable batteries"?, and also
as a material for electrochromic®* and solar-cell devices”®. When
intercalated with lithium, as required for battery applications,
TiO, anatase undergoes spontaneous phase separation into
lithium-poor (Lig ¢, TiO,) and lithium-rich (LiyTiO,) domains
on a scale of several tens of nanometres’. During discharge,
batteries need to maintain a constant electrical potential between
their electrodes over a range of lithium concentrations. The two-
phase equilibrium system in the electrodes provides such a
plateau in potential, as only the relative phase fractions vary on
charging (or discharging) of the lithium. Just as the equilibrium
between a liquid and a vapour is maintained by a continuous
exchange of particles between the two phases, a similar exchange
is required to maintain equilibrium in the solid state. But the
time and length scales over which this exchange takes place are
unclear. Here we report the direct observation by solid-state
nuclear magnetic resonance of the continuous lithium-ion
exchange between the intermixed crystallographic phases of
lithium-intercalated TiO,. We find that, at room temperature,
the continuous flux of lithium ions across the phase boundaries is
as high as 1.2 X 10°s™'m™>

We used ’Li magic-angle-spinning (MAS) solid-state NMR,
because this microscopic probe gives information on structure
and dynamics'®"". The anatase starting material had a particle size
of ~10um (nitrogen BET specific surface area <0.5m>g ). In
Fig. 1, the central part of the Li MAS NMR spectrum of a lithium-
intercalated sample, Liy 1, Ti0,, is shown. In this sample, two phases
coexist”: the lithium-poor phase Lig ¢, TiO, with the anatase struc-
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ture (space group I41/amd), and the lithium-rich phase indicated
by lithium titanate (Lip¢TiO,; space group Imma). The Li in
anatase gives a sharp line in addition to the broad Li in titanate
signal.

The exchange of Li between the two phases is established by
performing two-dimensional exchange measurements'>. This tech-
nique effectively measures the spectrum of the “Li atoms at t = 0,
then waits a ‘mixing time’ ., and subsequently measures the
spectrum of the same "Liatoms again att = f;,. The results of such
measurements are shown in Fig. 2. The signal occurring on the
diagonal in the plots represents ‘Li atoms that have the same
spectrum before and after t,,;,—that is, 7Li that remained in the
same crystallographic phase. The spectral intensity produced by “Li
that is located in anatase at t = 0 and in titanate at t = f,,;, (or vice
versa) is at the corresponding off-diagonal positions. The ridges in
Fig. 2b are off-diagonal signals of this type; they are strong because
of the large amount of Li that has exchanged between the two phases
within the diffusion time of t,;, = 50 ms.

In Fig. 2a f,;x = 50 ps, which means virtually no diffusion time,
and thus no exchange. Because about 40% of the intensity in the
sharp peak in Fig. 2a is transferred to intensity in the ridges in
Fig. 2b, about 40% of the initial amount of 'Li in anatase has
exchanged with Li in the titanate phase after t,,;, = 50 ms, as can
be seen when comparing Fig. 2a and b. In Fig. 2¢, a measurement is
shown at 148 K using a t,;, of 50 ms. At this temperature the Li
motion between anatase and titanate is frozen. But there still
appears to be diffusion within the titanate phase; this will be due
to the low activation energy for hopping between sites within
this phase’. The measurement is shown here to prove that the
cross-signal intensities in Fig. 2b cannot arise from spin diffusion
due to the presence of dipolar couplings (these are suppressed by
MAS).

Faster one-dimensional experiments were performed to quantify
the exchange in terms of the magnetization of Li in anatase as a
function of ¢,,;, and temperature T. The technique is described in
Fig. 3 legend. The experimental results in Fig. 3 are given as a
function of ¢ i, and for several temperatures. The data are analysed
using the solution of Fick’s law of diffusion, dm(r,t)/dt =
V{D(r)m(r,t)}, where m(r,t) is the magnetization of Li at position
r and ¢, and D is the Li diffusivity. Best results were obtained with
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Figure 1 Central part of the ’Li magic-angle-spinning NMR spectrum of Lig 1,TiO, at
100°C, showing the resonances of Li in the two coexisting phases. A spinning speed
of 20,000 = 3Hz and a radio-frequency field strength corresponding to a ‘Li spin
nutation frequency of 192kHz was used on a Chemagnetics 600 spectrometer. Two
phases are coexisting in thermal equilibrium: a Li-poor anatase phase with a
composition of Lig o;TiO» (narrow peak) and a Li-rich titanate phase with composition
Lip6TiO, (this peak is homogeneously broadened, with the transverse relaxation time
T, giving its linewidth, indicating that the ’Li in this phase are all experiencing similar
environments).
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