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Single-bubble sonoluminescence from noble gas mixtures
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Light emission intensities from single-bubble sonoluminescence at room temperature, water dissolved with
admixtures of pairs of noble gases, He-Ar and He-Xe, were measured as a function of mixing ratio to search
for effects of species segregation occurring during the violent bubble collapse. The observed relative effect on
the light emission intensity is surprisingly greater in He-Ar than in a He-Xe mixture.
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Sonoluminescence is an interesting energy focusing phdsrass. A pair of piezoelectric transducéPXT’s) are epoxied
nomenon, in which extremely short pulses of light are emit-onto the end plates. The resonator is connected to a small but
ted synchronously with a collapsing gas bubble trapped in #lexible ballast volume to maintain the water pressure at the
liquid-filled resonator cavity driven at high acoustic intensity. ambient atmospheric pressure. A bubble is made by applying
It has attracted numerous experimental and theoretical stu@ short reproducible pulse of current into a heater mounted
ies[1]. However, a clear physical understanding of the pro-on the bottom end plate. The working frequency is 17.3 kHz.
cesses behind the light emission is still lacki®. A com-  The temperature of the water is monitored by observing the
plicating feature of the effect is that the gas bubble containgesonant frequency as well as a thermister attached to one of
a varying number of species of gas molecules during theéhe end plates. The resonator temperature is regulated within
very short collapse. Owing to high pressure and temperature g 15°C by a Peltier effect cooler attached to both the top
present within the bubble, a variety of chemical reactionsgng pottom plates. The SBSL light emission is detected by
ioniza’Fion and other effects are thought to occur. It has bee{he induced current in a photodiodgDT sensor, model UV-
established that the presence of a noble gas in the bubble {$y 191 The photodiode current is proportional to the time
crucial to the stable production of high light emission inten-_ 4 wavelength averaged light emission intensity. It is mea-
molecular species in the bubble segregate spatially durintsured W?th an eIe(_:trometer. Mie sc_att_ering meiis“reme”?? are
the collapsd4]. Species segregation can affect the heat Iosgaken with a fast integrated monollth|c photodlode/amphﬁer

: n(f:J*np (OPT210, Burr-Brown by detecting the scattered light

rate near the bubble wall, the internal gas temperature a 7
. o . . ffom a He-Ne laser beam incident on the bubble at an angle
the light emission, as the thermal conductivity and the ion- o T
¢ from the incident beam direction.

ization energies change. We present systematic experimental - . .
; i . The sample water is prepared as follows in a nearly iden-
studies of the single-bubble sonoluminesce(@8SL) when . ) . . .
tical manner to dissolve various gas mixtures. A 1.6 liter

two noble gases are dissolved into sample water at room L . : .
temperature volume of deionized water is sealed into a stainless steel tank

The diffusive mass fluxes of the species in the SBSL gas"fm(.j s de_ga_ssed by pumping on its_ vapor phase for two hours
. . L ; ~While agitating with a magnetic stirrer. A gas mixture con-
mixture is a sum containing terms proportional to the gradl-t ining nitrogen(with partial pressure®y ), argon@.) or
ents in concentration, pressure, and temperdi/g. The aining 9 4 P P S Ny g. Ar
proportionality constants that enter the sum are dependent df¢NONPxe), and “He(Py) gases is prepared in a separate
the masses of the species and hence segregation of speciés) and is allowed into the tank containing degassed water.
with different masses can occii]. A simulation study[7] of ~ The total pressurexPy,+Pa+Pye) is fixed at 150 Torr
SBSL including molecular segregation effects indicates thator all mixtures in this paper. The total noble-gas fraction is
even a “mild” segregation significantly affects the maximum kept constant at 1.0%, i.eR5,+ Pye= Pxet Phe=1.5 Torr.
temperature attained and the emitted light intensity. Anothefhe mixture gas is dissolved into water while stirring for
simulation study{8] shows that, while the noble gas rectifi- another two hours at room temperat(it®)].
cation hypothesis is valid, a substantial fraction of the mate- Just prior to filling, the resonator is flushed with, as
rial at the time of collapse is made up of water vapor and itseveral times to remove remnant water from previous run
reaction products. It has become important then to carry outnd then it is evacuated to check for air leak. Subsequently,
experimental studies and search for manifestations of matehe mixed water is filled into the evacuated resonator in
rial segregation on the sonoluminescence phenomenon. Littigbout 15 min and then the water pressure is brought up with
is known about the temperature and pressure gradients, in about 3 min to equalize the ballast volume with the
present in the sonoluminescing bubbles. Probing segregatiaambient pressure. The short time required for thephessur-
effects might provide clues on the dynamics in the bubblgzation does not significantly change the Bontent in the
interior. water. When measurements of one mixture is completed, the
Our SBSL apparatus is similar to a common dedigh ~ water is totally emptied from the resonator and refilled with
The acoustic resonator is a cylindrical quartz tulobener  another water sample.
diameter=75 mm, outer diameter80 mm, and length After the sample water is filled, the temperature regula-
=80 mm), whose ends are closed with flat plates made dfion system is turned on. It requires some two hours for the
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acoustic pressur® = Psinwt) is governed by the Rayleigh-

20001, 1 Plesset equatiofil], p['r'r+(3/2)'r2]=pg—(P0+ P)+(r/c)
£ X(pg—P)—20/r—4nrir, wherepy is the gas pressure in
1500 - o, 1 the bubble p the mass density the speed of soundy the
3 surface tension=0.0725 N/m), andy the viscosity £1.0
2 x 10" 3 N s/n?) of water. For the purpose of fitting data over
1

1000

time intervals excluding the collapse range;R,, the tem-

1e4 128 e 1% e perature of the gas in the bubble can, to a good approxima-

P, (atm) i |
500 |- tion, be taken constanipy=P,(R,—b)%(r—b)* with b
=R,/9. A best fit to the data is obtained by adjustRgand
ol P, in the Rayleigh-Plesset equation and is shown by a line in

Fig. 1. The fitted line is indistinguishable from the data, al-
5 o 5 10 15 20 25 30 a5 Mmostall of the time interval except around the collapse and
the subsequent after-bounce oscillation interval. This portion
of the data is ignored in the fitting. The fitting procedure is
FIG. 1. An example of Mie scattering datdoty and fit[line  used to determin@, andR, as the drive level applied to the

with P,(acoustic drive pressure amplityde 1.26 atm andR, (am-  PZT is varied. The inset to Fig. 1 shows the relation between
bient radiug= 3.8 um] for x=0.15 for the He-Xe mixture. The R, and P,, so determined for the bubbles which show
insgt shows t.he gxtracte.Fd,—Pq relationship when the drive level is  ggnoluminescence. The fittdR}, vs P, is reproducible from
varied. The line in the inset is thi,-P, relation calculated from e miyture to another within the scatter seen in the inset.
the diffusive equilibrium condition. The fitted R, was checked with an absolute calibration

. ethod using the lobe pattern evolutid8] as a function of
water temperature to settle down to the desired regulateg nd was found to b nsistent with h other within 5%
temperature as verified by monitoring the resonance fre:- a as found fo be consiste each othe 0

qguency. After the temperature regulation has kicked in, the Ne Pa'Rf) relation expected from t_he n_oble gas rgctifigation
acoustic coupling between the PZT's and the resonator i8YPOthesis and establishment of diffusive equilibrili#] is
checked for reproducibility by measuring the frequency re-Shown by the line in the inset in good agreement with our
sponse. The working resonant frequency remains constafifS: Similar quality of fit is obtained in all dissolved gas
within =5 Hz during the experiment. The location of the Mixtures presented in the paper. The observed relation be-
levitated bubble is checked carefully. The position of thetweenR, andP, is independent of the relative ratio between
photodiode for measuring the SL intensity is adjustatl  Pue With P, andPy.. The relation is apparently set by the
most 1 mm to account for slight changes in bubble location. total noble gas contefil5] which is fixed in our experiment.
The Mie scattering photodiode is placed on a rotating armThat the bubble dynamics is insensitive to mixtures is in
whose position can be reproduced withir.5°. accord with the simulation study].

Adequacy of our degassing process is checked several For each gas mixture, a systematic measurement of the
times during the course of experiment by observing thesonoluminescence light emission intensity, and Mie scat-
sonoluminescence light emission intensity from water, whichtering data are taken as a function of the acoustic drive level.
is dissolved with only . The bubble in this pure Nsample  The measuretls, is plotted as a function d®, in Fig. 2 for
is unstable with a maximum light emission intensity which istwo samples{a)Py.=0.23 Torr andPy.=1.27 Torr and(b)

10% of that withP,,=1.5 Torr. This is comparable to the P, .=P,,=0.75 Torr. A lower threshold ifP, must be ex-
result(=~3%) seen by Barbeet al.[1] and demonstrates that ceeded before sonoluminescence turns on. Once the lower
our degassing is adequate. threshold is exceeded, a linear increasd dp is observed

Important parameters affecting the bubble dynamics argvith a characteristic slope up to an upper threshold®jp
the amplitude of the driving acoustic pressurg, and the where the bubble disintegrates and dissolves back into water.
ambient radiu®}, . The Mie scattering measurement is com- The linear relation betwedry, andP, has also been seen by
monly used to determin®,. The sensor area spans an an-others[16]. All mixtures, we studied, showed a behavior
gular openingg=80 °+ 2 °. At this value of¢, the Mie scat-  similar to those in Fig. 2. The threshold drive levels depend
tering intensity is closely proportional to the square of theslightly on the particular bubble observed, while the slope is
time dependent bubble radi§$1,12. An example of our more reproducible. We choose the slope of least squares lin-
raw Mie scattering datdots is shown in Fig. 1, which dis- ear fit to data in Fig. 2 to characterize the light emission from
plays a portion of the acoustic cycle, where slow expansioach mixture. The change in water temperdiuhéch affects
and the contraction takes place. The time interval of verythe solubility, surface tension, and viscosityetween Figs.
rapid collapse and the subsequent after-bounce oscillatiop(a) and Zb) have negligible effects on the diffusion curve in
cannot be tracked owing to the detector time constant limiFig. 1.
tation. The interval of rapid change itft) is not crucial for Only the total energy emission can be estimated since we
the purpose of determining, andR, . measure only the integrated light emission intensity. Roughly

The time dependent radiugt) of a bubble(trapped in  estimating average sensitivity of the photodidils maxi-
water under the ambient pressu®g driven by a sinusoidal mum being 532 mA/W ak =850 nm, falling to half at 500

Mie Scattering Intensity (Arbitrary Units)

Time(us)
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(a) He-Xe: x=0.15
| T=21.5°C

the respective gases measured Basiaal. [1]. Nearx=0,
the emission intensity decreases slowly in He-Xe mixtures
4 and it slightly increases in He-Ar mixtures as the He fraction
is increased. On the other hand, when a small number of
either Xe or Ar is added to He near 1, the light emission
g increases rather rapidly. The net effect is the observed bulge
1 in the slope of light emission intensity nees 0.5. It should
be pointed out that the observed behavior as a function of
in Fig. 3 does not arise from the changes in the volume or the
] number of emitters. Since the total noble gas fraction is kept
4 constant, thdR,-P, relation is the same for all mixtur¢&7].
It is interesting to compare our data with what is expected
] from simply adding the SL emission intensities from the con-
. stituent noble gases in the mixtures. To do this, we take the
134 blackbody spectral density measurements as reported by
Vazquezet al. [19]. for each noble gasn) with its own
blackbody temperatureT(gg), multiply it by wavelength
dependent transmission coefficient of water and the quartz
tube and by the responsivity of our detecfét, and finally
sum over wavelength between 200 nm and 700 nm to arrive

at the integrated SL intensity,,. The magnitudes of,, are
scaled such that they match our measurements of the slopes
for samples with “pure” noble gas. The expected intensity

from mixtures isl = (1—X)1 1(Thge) + Xl we( Thess) » Wherex
) - is the fraction of He gas amulis either Ar or Xe. The evalu-
the mixtures we have measured as a function >of aieq intensities are shown by the dashed lines in Fig. 3. The
=P/ (Pret Pxe) O Pue/(Puet Pa) [17,18. If instead, |ingar interpolations are expected if each noble gas acted
the mixtures are characterized by the light emission 'ntens'tYndependently without interaction; the two gases in the mix-
at a particular acoustic pressure, the observed depe_ndencet%rl)e would have two different blackbody temperatures. Our
)2( fgfé naor;[ dcggn(?f’eé-Ezeaﬂn;ai‘i?urreen;e(;tsH\g?xr: ;ﬁg'?_'de%t &t(periment shows that the mixtures produce light emissions
' . o " similar to but greater than the expectation from the noble
respectively. The ratio of the slope 0 sample to that of gases having independent blackbody temperatures.

x=1 sample for He-AHe-Xe) measurements is 1.3.8). Another simple comparison can be made with the existin
These values are consistent with the light emission ratios in P p A i . 9
data on the maximum light emission intensity from mixtures

of 150 Torr N, and a single noble gésee Fig. 22 of Ref.

[l + } + ] + ] + } + ]
T T T v v T v
| (b} He-Ar: x=0.50
6l T=19.0°C

SL Intensity (107%A)

1.24

1.26

1.28

P_ (atm)

1.30

1.32

0
1.22

FIG. 2. Photodiode current{ SL emission intensityas a func-
tion of acoustic drive amplitudga) He-Xe mixture withx=0.15
and water temperature 21.5 °C, (b) He-Ar mixture withx=0.50
and water temperature 19.0 °C. The lines are least squares fits.

and 1000 nmp the total energy output from the light emis-
sion is about K10 *? J/cycle. This is close to other esti-
mates[1].

The slope in thég, vs P, plots are shown in Fig. 3 for all

% 180 7 - T T T — [1]). Their maximum intensities with 1% noble gas are nor-
< 160} *\\EE & ] malized to our pure Ar and Xe slope data. The circlex at

$ 140f IR . =0.5 are the sums of the intensitigermalized by the same
g 120 - "o factor9 of 0.5% each of the constituent noble gases. The sum
0® 123: (a) He-i(e \“‘\\\ = a of the separately measured intensities of single noble gases
% 60; T=21.5C \\‘8 turns out to be very similar to the extreme segregation de-
; 40— L : : : pendence and our data again are different from the sums.
£ gol The above naive picture ignores the effects of the water
2 ol 8- o o vapor and its reaction products present in possibly large
*g i Tl - E}‘ guantities in the bubble at the time of light emissj&h The
U 5 amount of water vapor displaced by He would dependkon
@D gl BYHeAr T T and this can affect the light emission intensity. The effect of
© T=19.0°C “‘\@ admixing He is surprisingly greater in He-Ar than in a He-Xe
- L L mixture. Though not clear, this might be an indication that
(% 0.0 0.2 0.4 . 0.6 0.8 1.0 water vapor plays a more important role in He-Ar owing to

the closeness of the molecular weight of water to that of Ar.

FIG. 3. The slopes of the least squares linear fits in Fig. 2 as &ddition of He would displace the water molecules nearer

function of the He molar noble gas fractian,(a) He-Xe mixtures

towards the bubble wall. In the He-Xe mixture, Xe being the

and (b) He-Ar mixtures. The dashed lines are the linear interpola-most massive would still remain nearer to the bubble wall.

tion between end points and represent a simple extreme segregatiixperimental evidence for the importance of water vapors
of the noble gases in the SL bubble. Circles are the sum of intenshas also been report¢d0,21]. It is not yet known how the
ties from Ref.[1]. See text for discussion. integrated light intensity is related to the temperature in the
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bubble interior. The maximum temperature reached dependsackbody radiation spectrum is an interesting question. In
on a host of possible effects including species segregationhe case of an extreme segregation model, in principle, a
chemical reactions, and shock wave formation. Our experibimodal spectrum is expected. If the gases distribute homo-
mental studies of light emission from noble gas mixturesgeneously, the spectrum would be a blackbody radiation with
may be combined with further theoretical studies to shedingle characteristic temperature. Another extension is to
light on sonochemistry effec{22,23, where the dispersion measure the segregation effects near 0°C to eliminate the
of water vapor owing to the segregation of noble gas mix-complications related to the presence of water vapor. If seg-
tures alters the chemical yield of OH and®,. Indeed, the  ogation indeed takes place, the spatial gradient so generated
observed and simulated dependence of chemical yields 9f speed of sound can have a large influence on the formation
mixture f_ractlon is remmlspent of our light emission data. o¢ shock[24]. Experiments with noble gas mixtures would
Our studies of SBSL provide another tool for probing theien allow exploration of more extreme conditions of tem-

sonochemical effects. o perature and pressure.
An interesting extension to our studies is the measurement

of the spectral radiance. The blackbody spectrum is observed We thank Jason Young for help in the early stages of our
from a submicrometer region of bubble with only one dis-experiment, Chuck Joseph for the generous loan of equip-
solved noble gas by Vazquez al.[19], who found the ratio ment, and Val Myrnyj for expert construction of the appara-
of the ionization energy to the fitted blackbody temperaturgus. We are grateful to Paul deVegvar and Seth Putterman for
to be a constant, independent of any particular noble gakelpful discussions. The research was supported by the Rut-
dissolved in water. Whether the mixture bubbles emit withgers Research Council.
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