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Experimental observations of bubble response and light intensity near the threshold
for single bubble sonoluminescence in an air-water system
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Single bubble sonoluminescence in an air-water system has been shown to occur along a unique surface in
the acoustic pressure-ambient radius-gas concentration parameter space where the bubble is stable both in
shape and ifaveragg size. In this paper, we show how the bubble deviates from the expectettpatd by
the shape-instability threshold as a function of pregsimeorder to reach the observed stability. We also
present measurements of the expansion raig,{/R,) for bubbles near the threshold for light emission. The
results suggest that maximal bubble radial response is an insufficient criterion for the onset of light emission,
and we present data for the dependence of the emitted light on several paraig8d@68-651X99)07905-3

PACS numbgs): 47.55.Dz, 43.25ty, 43.35:+d, 78.60.Mq

INTRODUCTION to the quartz disk. A 2-mm-diam hydrophone was positioned
near the bubble in order to monitor the driving acoustic pres-
Single bubble sonoluminescen¢8BSL) is a phenom- sureP,. The hydrophone was calibrated using a modifica-
enon in which an acoustically levitated bubble is made taion of the levitation technique described in Gaitanal.
oscillate so violently that pulses of light are emitted at the(Ref.[1]). The most important aspect of the modification was
time of collapse[1]. In contrast to the previously known the inclusion of the measured spatial pressure gradient
phenomenon now called multibubble sonoluminescencéwhich can vary for different levitation ce)lsn the descrip-
(MBSL), SBSL involves only a single bubble that becomestion of the acoustic forceA 7 mW He-Ne laser and a
stabilized against shape instabilitiéSl) and (bubble siz¢  Hamamatsu H5783-00 photomultiplier tube were used to
growth [2]. The typical mechanisms responsible for SI aremonitor the dynamic bubble radius using the Mie scattering
the Faraday and the Rayleigh-Taylor instabilifid§ and for  technique developed by Hansen and H[@i for single
growth, rectified diffusion(RD) [4]. Thus, for SBSL to be acoustically levitated bubbles. Images of the bubble were
possible, three conditions must be meti) the bubble must obtained using a Cohu 4910 CCD camera, a Questar QM100
be below the SI threshold(ii) for zero net growth, the long-distance microscope, and a pulsed, frequency-doubled
bubble must be at the RD threshold; afiid) for a stable YAG laser to back-illuminate the bubble. The ambient
equilibrium, the RD threshold must be such that a small debubble radiusR, was measured while the sound field was
crease(increase in the bubble size places the bubble in a
growth (dissolution region. This occurs when the slope of
the RD threshold curve is positive when plottedRgesnold Band Pass
versusR,. In this paper we show how the bubble deviates vacuum
from the expected path in the acoustic pressure-ambient ra-
dius (P,,Ry) [5] parameter space in order to achieve the
observed stability6]. The cause of the deviation, according
to the hypothesis of Lohset al. [7], is the onset of internal
chemical reactions occurring during the bubble collapse,
which results in a much lower growth rate by RD since the
reacting speciefissociated Band G primarily) no longer
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Measurements were made using an apparatus and tech- DIFFUSER

niques first reported ifi2]. The apparatus is shown here in g1 1. apparatus used to study bubble dynamics during single
Fig. 1 and _C0n5'5ted of a cylindrical |eV'tat'0n_ cédee  pypble sonoluminescence. The He-Ne laser and the photomultiplier
Gaitanet al. in Ref.[1]) made up of two hollow, piezoelec- tyhe were used to monitor the dynamic bubble radius. The imaging
tric PZT ceramics. The cell was filled to the top and sealedipparatu$CCD camera, long-distance microscope, and YAG Jaser
with a quartz disk 3.2 mnf3 in.) thick in order to keep the were used to measure the ambie®,X and maximum R)
dissolved gas concentration constant. Two barbed hose coBubble sizes. The calibrated hydrophone was used to measure the
nectors, which served as an inlet and an outlet, were attachedoustic pressure.
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FIG. 2. Mie scattering detectgPMT) output for different bubbles near the transition into shape instabilities. The inset shows the PMT
signal before and after the transition, with the arrow marking the approximate location of the data shown in the mda Pigt.
=68 um, P,=0.19 bar. The video images indicated @ 4 shape modegb) Ry=20um, P,=0.66 bar. The video images suggested an
n=3 shape modgc) Ry=6.5um, P,=1.2 bar. The video images did not have enough resolution to discern a mode. The bubhlg was
emitting light. (d) R,=7.0 um, P,=1.4 bar. The video images did not have enough resolution to discern a mode. Before the instability
occurred, the bubble was emitting light.

momentarily turned off. In cases where the resolution of thesignal from the bubble. Shape distortions typically generate
bubble image was poor, bubble sizes were calculated usinigrge amplitude deviations relative to the spherical Mie scat-
the measuredP, and the maximum bubble si&,,,, using tering signal and are therefore easily detectable. At other
the Rayleigh-Plesset equation. times, however, more subtle detection techniques were em-
In order to measure the threshold for shape instability ofployed. Video images were recorded using a conventional
the bubbles, two primary observables were monitored: th&€CD camera and VCR. The images were then used to iden-
Mie scattering signal and video images of the bublsiee tify the particular shape mode by locating the images marked
Fig. 1 for the apparatysThe signal generated by the light by the analog trigger signal on the audio track of the S-VHS
scattering at 80° from the forward was subtracted from thatape. These two methods were successful for bubbles be-
generated by forward scatterifigseudoextinction technique, tween 15 and 10@m. For smaller bubbles near the SL re-
see Ref[9]), which often resulted in a trigger signal gener- gime (at P,=1 atm), the video images did not have enough
ated when the shape distortions were present. This occurgsolution and the Mie scattering spikes due to the shape
because the forward scattering is relatively insensitive to deinstability were often too briefa fraction of auseg to trig-
viations from sphericity as compared to the scattering at 80°ger the circuit. It was possible, however, to detect the pres-
The trigger was used to initiate the 1 MHz digital samplingence of instabilities by monitoring the Mie scattering signal
board that recorded both the hydrophone and light scatterinip a fast(100 MH2z) oscilloscope. In Figs.(@)—2(d) we dis-
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play Mie scattering signals at the onset of a shape mode anode is always3 within error limits. Note that for these
shape instability. In these figures we show the variety ofsmaller bubbles the relevant volume oscillations are those of
symptoms to be encountered when making measurementise nearly free rebound phase following the main collapse.
spanning the range from large bubbles at low driving presfurthermore, the frequency of these oscillations is the bub-
sures to small bubbles at high pressui@BSL). ble’'s natural frequency and therefore the oscillations are only
Figure 2a) shows the transition to am=4 shape oscilla- approximately periodic due to nonlinearity.
tion as the pressure is slightly increased for a relatively large In Fig. 2(c) a much smaller bubbleRy=6.5um) is
bubble Ry=68um) driven atP,=0.19 bar. This type of shown. This bubble is just below the threshold for light emis-
transition is typical of large bubbles in that the scatteredsion but is not stable due to insufficient degassing of the
intensity increases by several orders of magnitude, as is denwvater (C;/Cy=50%). Spikes can also be seen here near the
onstrated in this figure by the saturation of the detector. Thibubble collapse. The large decrease in scattering amplitude
type of transition tended to be gradual, and the energy cowsuggests that the bubble fragmented. In cases like this, the
pling can be classified as resulting from resonance. Suchubble is often observe@ia video camerato break up into
resonance is defined by an integer ratio of shape mode freawo or more smaller fragment bubbles. Many of these frag-
guency to volume mode frequency for forced periodic vol-ments are observed to dissolve, but at least one or more
ume oscillations([10]; Hilgenfeldt et al. in [16]). In Fig.  coalesce and continue oscillating, growing, and repeating the
2(b), a smaller bubble Ry=20uxm) driven at 0.66 bar is process. The shape eigenmogdeany) was undetermined
shown as am= 3 shape instability sets in. Note the spikesdue to insufficient video resolution.
caused by the instability. In this size range the energy cou- In Fig. 2d), a sonoluminescing bubbleRg=7 um, P,
pling is still resonant, but the ratio of shape frequency to= 1.4 bar) is shown, exhibiting what appears to be a breakup.
volume frequency(as determined by observed size andEven though the gas content was optimum for SL, spikes
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FIG. 4. Measured stable and unstable bubble oscillations repre-
sented in the parameter spade,(R,) for a constant preparation

FIG. 3. Peak acoustic pressure amplitude threshold for shapgdlue of dissolved air in waterC;/Co =14%, and a constant
instability (symbols, except open circlesind rectified diffusion ~ @coustic frequency20.6 kH2 at 21.7°C. Solid lines: numerical
(solid line) for 70% gas concentrationx’s represent unknown rectified diffusion equilibrium according to the Eller-Flynn formu-
shape modes, open circles represent SBSL. lation for different values o€C;/C,. Regions of stable equilibrium
are drawn with a thick line. Squares: measuRydand P, data for

. . — stable bubble oscillations forC;/Cy =14%. Solid squares are
during and after the reboun@llowing the initial collapsg bubbles that do not emit light; open squares represent light-emitting

were obsgrved as the extlnct_lon threshold was approacheggBSL) bubbles. Thex symbols correspond to the measured shape
These spikes were too short-lived to be recorded by the dafgsapility (SI) threshold. The dashed line is an interpolation of the
acquisition system, but could be easily observed with a 10@nape threshold data. The approximate error bars for the squares
MHz (or fastey digital storage oscilloscope. Again, the video and x symbols are shown in the lower left of the plot.
resolution was insufficient to determine a shape mode, but
fragmentation was observed. The connection between thig) inere are regions where stable diffusive equilibria exist. If
observation and the sudden extinction of the bubble, whichhese small regions lie below the SI threshold, they will act
occurs at essentially the same paramefrdeed this par- 45 attractors for a fixe@;/Cy, . This explains why the Sl
tlcula_r bu_bble d|sappeared_a few hundr_ed_ cy_cle_s after thgig appear in several clusters Ry=50 um.
data in Fig. 2d) were takefis unclear. It is intriguing that In the laboratory usually only, is controlled, whereas
the first indication of instability occurs during a volume ex- the phybble size is determined by the other experimental pa-
pansion, which is normally a stabilizing phase of motion. ameters. For example, bubbles below the RD threshold will
One potential explanation is that there are two bubblegjissolve and those above will grow until they reach the S
present, and the split must have occurred at the collapse inrreshold. When they reach the SI curve, bubbles will break
mediately prior. Matulzet al. [11] have also observed such , ang coalesce in a continuous cycle or execute stable non-
scattering signals near the extinction threshold. linear shape oscillationgL3] unless they grow beyond the
maximum size for levitation and escape the field. In the case
GROWTH AND MECHANICAL STABILITY vv_here the Sl curve Iie_s b_elow th_e RD curve, the bubble will
dissolve before reaching instability. For this reason, only re-
In Fig. 3, theP, threshold for Si(labeled “F” in [2]) is  gions of theP,,R, space where Sl is above RD will be
shown. The symbolgexcept for the open circlgsndicate available for steady-state experiments. Such a region has
the shape mode observed immediately after the bubble bdseen shaded in Fig. 3. At the higher valuesPqf (=1 bay,
comes unstable in an air/water mixture driven at 20.6 kHzthe breakup and coalescence will occur so quickly that the
The measurements were obtained at different dissolved gamibble will remain near the SI curve most of the time. When
preparations ranging from near saturation for large bubblethis is the case, the bubble will start emitting light at around
to strongly degassed for the smallest sizes. Resonance coh-3 bar but in a rather erratic fashi¢=1 flash per 10 acous-
ditions, which vary depending on the equilibrium size of thetic cycleg due to its instability. This phenomenon, first re-
bubble, determined the excited shape m¢d6,12. The ported and explained by Gaitaet al. [1], has been more
maximum bubble radius that can be levitated~$50 um, recently termedinstable SL[14].
which corresponds to the resonance size at 20 kHz. Note that When the value ofC;/Cy_ is less than 50% andP,
SBSL occurs only in the upper left-hand corn@pen ~1.15 bar, however, the bubble begins to deviate from the
circles. This figure serves to illustrate how small the SBSL SI curve toward a smalléR, (see also Ref6]) and becomes
parameter space is. The solid line corresponds to the RBtable(Fig. 4, square symbolsThe smaller the gas concen-
threshold for 70% dissolved gagair) concentration tration is, the smalleR, becomes for a give®, [see Ref.
(Ci/Cq.), whereC; is the concentration in the liquid far [2], Figs. Xa)—1(c)]. As P, is increasedR, first decreases
from the bubble ancCy, is the saturation value at ambient (filled squares, termedower branch and then increases
pressure. In general, lowéhighep concentrations will shift  (open squares, termeagper branch until it reaches thex-
the RD curve towards largésmalley P,. We note in pass- tinction thresholdwhere SBSL is no longer observed be-
ing that in the vicinity of nonlinear bubble response reso-cause the bubble disappears. On the lower branch, the value
nancege.g., the dip in the 70% RD curve near gt in Fig.  of C;/C, calculated from the bubble radial motion begins to

Ry (micrometers)
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decrease aB, is increased. On the upper brandee Fig. 2 70
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of [2]), C;/C, reaches a value-1% of C;/C,,_ (the actual
gas concentration far from the bubpbnd stays constant. At
any other point in the observabl®,,R, space P,
<1.15bar in shaded regiprthe value ofC;/C,_appears to
equalC;/Cy,.

Figure 4 also shows a family of calculated rectified-
diffusion (RD) equilibria for the boundary-layer theory of
Eller and Flynn[4]. These curves represent conditions for a
net mass flux of zero across the bubble wall averaged over a
cycle of the bubble oscillation. They were calculated from
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FIG. 5. Measured maximum bubble radius attained during one
((RIRy)*)

cycle (Rmay @s a function of the acoustic pressure for the data in
Fig. 3. The dashed line was drawn to represent the path the bubble
takes whenC; /Cy,=0.5 and corresponds to the Sl dashed line in
Figs. 2 and 3. All experimental parameters and symbols are the
same as in Fig. 3.
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using a Rayleigh-Plesset moddl5] and the measureR
andP,; the validity of the Eller-Flynn formulation was ex-
perimentally verified in Ref.[2] for P,<0.9 and 20%

<C;/Cp=50%. For largerR, these curves have resonant As noted by other§Refs.[17,19) for C;/Cy <5%, the
peaks and valley$16]; however, due to the dominating pubble will stabilize without the need for any mass loss as
surface-tension effedtl7], they are single-valued at small |ong as the water can be degassed below this level. This is an
Ro. important consideration when trying to predict the conditions
These observations are consistent with Loésal's hy-  under which bubbles will stabilize in other liquid-gas mix-
pothesis in which the non-noble gases in aig f@) beginto  tures, and is in fact the case in some observations in water/

react chemically and as a consequence become inactive fiblyatomic-gas mixtures reported by the UCLA grdd9].
the diffusive process. A larger portion of these gases will

pecome inactive as the internal t_emperatures _and Pressurg8eeLE RESPONSE AND THE THRESHOLD FOR LIGHT
!nc_rease(due to the largeiP,) untll_ only argon is present EMISSION
inside the bubble. Thus, the effecti@/C, will decrease at
first (lower branch until it reaches a minimum valu@pper Figures 5 and 6 are plots &, and R,ax/Ro, respec-
branch of 1% of C;/C,,_, which is the same as the propor- tively, as functions oP, for the same data presented in Fig.
tion of Ar in air. 4. BothR,,,, andR,.x/Ry grow roughly as power-law func-
Furthermore, we propose that even though other processtéisns of P, along the shape instability threshold, which is
are affecting the gas diffusion, the standard RD formulatiorindicated by the dashed lines in the figures. The cro@ses
[4] can still be used to explain the growth stability of the stable oscillationsand squaregstable oscillations depict
bubble if the value ofC;/C,_ for the gas concentration far the data set in water prepared at 14% saturation. The pres-
from the bubble is replaced by the smaller value®pfC,  ence of an island of dissolution responsible for the deviation
calculated from the observed dynamic bubble radius. Thislescribed above causes a resonancelike phenomenon to oc-
hypothesis is supported by the data in Fig. 4, where the filled
squares fall near the pointithin the experimental uncer-
tainty) in the RD threshold curve where the slope is positive,
thus satisfying conditioriii). A positive slope allows the
bubble to be in stable growth equilibrium since the bubble 154
crosses from a growth to a dissolution region Rg in- | o B
creases. We attribute the occasional negative slopes for some _ .
of the data to experimental error. g ‘ B ' "
Note also that, perhaps coincidentally, light begins to be &
emitted as the upper branch is reached. At this point, accord- 5]
ing to Lohseet al’s hypothesis, Ar is expected to fill most of
the bubble. Therefore, the inception of light emission might
be an indication that Ar is a more efficient gas for the gen- 0 ; . : T
eration of light due to its large heat-capacities ratio. On the 0.9 1.0 L 12 1.3 14 L5
other hand, it could be the result of the higher driving pres- Driving Pressure Pa (bars)
suresP,, which generate more violent collapses. Several [ 6. Measured expansion ratio of the maximum bubble ra-
investigators[18] have postulated that at this point the giys attained during one cycle and the ambient radRjg,{/R;) as
bubble wall velocity has reached the speed of sound in thg function ofP, for C,/Cqy =14%. The dashed line was drawn to
gas(Mach 1) generating shock waves which are thought torepresent the path the bubble takes wi@iHC,=0.5 and corre-
be responsible for the light emission when they converge adponds to the Sl dashed line in Figs. 2 and 3. All experimental
the bubble’s center. parameters and symbols are the same as in Fig. 3.

SL
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FIG. 7. Number of photon&pen squargsand number of pho-
tons divided by the bubble volurierossed squargsemitted during FIG. 8. Number of photons per normalized ambient bubble vol-
stable SBSL as a function of the driving pressure @i/C, ~ Ume (RS) in arbitrary units as a function dRyq/Ry for C;/Co
=14%. The number of photons is proportional to the voltage out-=14%. Note that the acoustic pressure and the ambient size are
put of the PMT(Hamamatsu H5783-0@vhich was measured with both decreasingfrom left to right (increasingRyax/Ro), as can be

a lock-in amplifier. The spectral response of the apparatug@0—  inferred from Figs. 3-5. All experimental parameters and symbols
600 nm. All experimental parameters and symbols are the same &€ the same as in Fig. 3.
in Fig. 3.

function of pressure, suggesting that the increase shown in
the unnormalized intensity is mostly due to the fact that the
bubble volume is increasin@y a factor of 10 from 1.28 to
1.4 baj) and a greater number of molecules is available for
light emission. This may quantitatively account for the in-
crease in the totdlvisible) emitted light intensity as a func-
tion of P, observed in experiments.

cur. The rapid decrease in ambient radRg seen in the
experiment in Fig. 4 causé, . in Fig. 5 to decrease, reach-
ing a minimum of about 23um at the minimumR,, and
then increase aR, increases along the upper branch. Note
that the light emission threshold, marked by the arrow, oc

curs on the upper branch and at relatively low valueB Furthermore, the normalized light intensity versus the ex-

(~28 um), indicating that it is not a unique function Byay. pansion ratioR,,/Ry is plotted in Fig. 8, and we find that

Tfhehlmport?nc_e Olf this ot_)slervatlon IS tr%{‘eg 'Sr? ngef)lks)llﬂe H:e light outputper gas moleculés dramatically increased as
of the mechanical potential energy stored by the bubble, ang,o, oyhansion is increased. Figure 8 shows a fit to the data

hence the velocity of the collapse is roughly proportional to, .., o nearly quartic (4.£0.2) power-law dependence on
Rmax. Thus theories based on a collapse velocity thresholgy g oynansion ratio, implying that a hotter, more energetic
will have to take this into account. For this experiment, thecollapse occurs for smaller bubbles with a gre®g,/Ro.

Ilgr_llf;lemssmn t.hreshc.)(lg WB/IS négaslured arohund 1.28'bar. The uncertainty in the exponent is due primarily to the un-
e expansion ratidr, /Ry displays a sharp maximum certainty in the measured, .

in Fig. 6 of ~15, which appears to lag the minimum value of Since the size of the actual emitting region is unknown

Smax/anddRO- AS Py is furth?r mc}r(elaosed;rom_the peak vialule, and likely depends olRRy, the above interpretation may be
max/Ry decreases to a value of 10, where it apparently levyqehat simplistic. For example, it has been argis

els off for further pressure increases until tb&tinction : " S .

that the size of the emitting region inside the bubble in-
threshold[ZQ] a; 14 bar._ W.e note here Fhat da}ta sets othe reases aR,/ Ry increases because the temperature inside
than those in Figs. 4—6 indicate expansion ratios may rea

e bubble becomes hotter sooner in the collapse phase than
20 at the peaksee also Ref419,21)). at smaller values of the expansion ratio. Hopwev%r, suffi-
ciently sophisticated theories of SBSL which can relate the
DEPENDENCE OF LIGHT INTENSITY ON MECHANICAL expansion ratio to the light emission can be directly com-
RESPONSE pared to these measurements. In particular, the onset of SL
near the minimum iRy but near the maximum in expansion
Given the hlghly nonlinear behavior of the bubble wall ratio should be a Stringent test of those theories.
response shown in Figs. 4—6, itis important to know how the ' There are two theoretical treatments that have predicted a
intensity of SL varies with the response. In Fig. 7, thesensitive dependence of the light emission on the expansion
wavelength-averaged light intensity versus acoustic pressuigtio. Kondicet al.[22] solve the gas dynamics allowing for
(open squaress plotted[see Barbeet al. (1991 in Ref.[1]  shock waves, and treat emission using both a thermal and a
for a comparisof) and the intensity increases linearly with plasma approach to modeling the radiation. Mesal. [22]
pressure, growing by a factor of 10 from inception at 1.28,se essentially the same approach, with a much more de-
bar to extinction at 1.4 bar. Note th&, increases and tajled equation of state, which includes semiempirical formu-
Rmax/Ro decreases in the light-emitting regime (1B,  |as for corrections valid at high temperatures and pressures.
<1.4bar) as shown in Figs. 4 and 6. Figure 7 also plots the \We have attempted to compare the predictions made by
emitted light intensity normalized to the bubble voluRg  Kondic et al. [22] (specifically their Table Il, p. 4981with
(thus roughly a photon per gas molecule efficiency, crossedur results, and we find that their predictions of the func-
squares We see that this normalized intensity decreases astonal dependence of the number of photons on the expan-
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sion ratio depend critically olRy. For a constanP, and  equilibrium to be maintained. This decrease ends when
decreasindR, they find that the number of photons per unit C;/C, reaches a value of 1% of the actual gas concentration
volume decreasewith increasing expansion rati®,, /Ry,  far from the bubble C;/C,).
which is the opposite of our results in Fig. 8. For increasing The parametric dependences of the emitted light intensity
P, and fixedR,, the number of photons per bubble ambientpresented in Figs. 5—8 are unexplained, but represent an ef-
volume increases more rapidly than our data. Thus, it wa$ort to clarify the relationship between bubble dynamics and
impossible to include their numerical results on our graphdight emission. The power-law dependence of the normalized
for even a qualitative comparison. Figure 3 of Maisal.  light intensity on the expansion ratig,/Ry is a particu-
([22], 1997 shows that the predicted number of photons peflarly interesting result.
flash doubles aR /Ry is increased by only 4%. However, The difficulties we encountered in attempting to compare
Mosset al. use a fixedR, so again a direct comparison with our data to available theory lead us to conclude that it is
our Fig. 8 is not possible. impossibleio make meaningful comparisons between experi-
At a minimum, it is fair to say that the emission is very ment and theory unless the exact bubble dynamics are taken
sensitive to the expansion ratio. It is worth noting here thainto account. Based on our measurements, we can extract a
most experimental spectrf23] have been obtained by minimal set of threshold mechanical criteria for light emis-
“looking where the light is brightest,” that is, at the maxi- sion from an air bubble in water at 20 kHz, to be used as
mum pressure where the total number of photons is greatediounding conditions for light-emission theories. As long as
Thus estimates of internal temperatures based on such spdbe emission theory restricts itself to an isolated bubble and a
tra may well be lower bounds inferred from relatively single collapse, issues surrounding the dissolved gas content
“cool” bubbles. of the water can perhaps be ignored. The conservative do-
main of radii for bubbles in pure water issR,<7 um. The
CONCLUSION range of acoustic pressures is€.B,<1.4bar at 1 bar am-
o ) bient pressure. The range of expansion ratios corresponding
Our r_neasurements |nd|c§1te that_ th_e mechanics of an ajf the above domain @Ry is 10<R5/Ro<15. As we have
bubble in water near the light-emission threshold are Nokhown, however, these parameters are dependent on each

mechanical instabilities, chemical reactions, and gaseous

mass diffusion to the nonlinear bubble motion described by

the Rayleigh-Plesset equatidrY,24]. Our measurements ACKNOWLEDGMENTS
show how the availabl®,,R, space is bounded by the me-
chanical instability threshold and the const&ntC,, curve. This work was supported by NASA. We thank M. Bren-
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