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Single-bubble sonoluminescence from noble gases
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Single-bubble sonoluminescen(@BSL) from noble gases in water is studied theoretically in order to clarify
the reason of the distinguished feature that the luminescence is strong for all noble gases, while the other
systems of cavitation luminescence are greatly enhanced by the presence of the heavy (xdnemal is
clarified that in spite of the larger thermal conductivity of lighter noble gases the maximum temperature in a
SBSL bubble of lighter noble gases is higher due both to the segregation of water vapor and noble gas inside
a SBSL bubble and the stronger acoustic drive of a SBSL bubble of lighter noble gases.
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Single-bubble sonoluminescent®@BSL) is a light emis- Although the mixture segregation inside a SBSL bubble is
sion phenomenon from a stably oscillating bubble in liquidmild, it affects the bubble dynamics through the change of
irradiated by a standing ultrasonic wayg]. The light is the rate of vapor condensation at the bubble wall. At the
emitted at each bubble collapse as a pulse. In 1991, Barb&ubble collapse, vapor condenses at the bubble wall due to
and Puttermaii2] reported that the pulse width of SBSL is the increase of pressure inside a bubfl&]. The rate of
extremely smal(~50 p39. Since the report, many researchersVapor condensation at the bubble wall is nearly proportional
have studied the phenomenon both theoretically and exper© the vapor pressure at the bubble walb]. By the mild
mentally[3]. mixture segregation, the vapor pressure at the bubble wall

In 1999, Weninger, Camara, and Putternidh reported changes and accordingly the rate of vapor condensation
that there are two categories in the luminescence fronghanges. _ _ . .
bubbles: one is the systems which are greatly enhanced by In the present computer simulations, the mild mixture
the presence of xenon, and the other is single-bubble sonol§egregation is taken into account by simple model equations.
minescence in water which is strong for all noble gases. Th&0r @ xenon bubblepye g=Pxet (Pg— Pxe)Nxe/Nt: PyB
first category includes multibubble sonoluminescefice?], ~ =Pg— Pxe s, Wherepyeg is the partial pressure of xenon at
single-bubble sonoluminescence in nonaqueous ligi8ds the bubble wallpy. is the spatially averaged partial pressure
sonoluminescence from a hemispherical bubble on a soli@f Xenon,py is the pressure inside a bubbfg, andn, are
surface[9], and the luminescence associated with flow-the number of xenon atoms and the total number of particles
induced cavitatiof10]. inside a bubble, respectively, apg 5 is the vapor pressure

Multibubble sonoluminescenc@BSL) in the first cat- at the bubble wall. The equations are derived by the follow-
egory is the luminescence from hundreds or thousands dfg requirements: when the bubble content is mostly xe-
bubbles in liquid irradiated by a strong ultrasoyse-7]. Itis ~ NON, Pxes~Py. and when the content is mostly vapor,
widely accepted7,11,13 that the maximum temperature in- Pxes™ Pxe- The obvious requiremeilye<pxe g<Pg IS au-
side a MBSL bubble is higher for heavier noble gases due téomatically satisfied bypye g=pxet+ a(Pg—Pxe), Where 0
the lower thermal conductivity: a bubble is less cooled by<a<1. The above requirements are satisfied by
the thermal conduction from the heated interior of the bubble=nye/n;. Adding the condition thapyeg+p, =Py, the
to the surrounding liquid when the thermal conductivity is model equations are derived. In the computer simulations,
lower. Thus, in MBSL, xenon bubbles are the brightest andhe model equations are used from Ol before the time of
helium bubbles are the dimmd&-7]. the minimum bubble radiusR,,;,) according to the results in

In the present study, computer simulations of collapses oRef. [13]. The model equations yield values pfeg/Ppxe
noble-gas bubbles are performed under conditions of SBSL
in water in order to study the reason of the distinguished TABLE I. The effective black-body temperaturd ;) and the
feature of SBSL in water that it is strong for all noble gasesnerdy of the emitted light per SBSL pulse estimated from the

In 1999, Storey and Sz 3] predicted theoretically that SPectra reported by Hiller and co-workeii3,29]. The degree of
a gas mixture is mildly segregated inside a collapsing bubbléaturatlon of the. gas in water is 0.002 for He and Ar and.0.004 for
under a condition of SBSL in water by the thermal and pres2: The values in brackets are for the degree of saturation of 0.2.
sure diffusion. The lighter gas molecules are driven to theThe frequ_encyoof ultrasound is 33 kHz and the ambient liquid tem-
bubble center and the heavier gas molecules are driven to tr‘i)eerature Is 24°C.
bubble wall. Thus inside a xenon bubble, water vapor is

driven to the bubble center and xenon is driven to the bubble Gas e il xe
wall. On the other hand, inside a helium bubble, water vapor Teft 15000 K 15000 K 10000 K
is driven to the bubble wall and helium is driven to the (20000 K (15000 K (10000 K
bubble center. Inside an argon bubble, no significant mixtureEnergy per SBSL pulse 0.4 pJ 0.4 pJ 1.2 pJ
segregation takes place because molecular mass of argon is (0.1 pJ 0.1 pJ (0.4 pJ

not so different from that of water vapft4].
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TABLE II. The calculated results of a SBSL bubble for various tion and condensation of water vapor at the bubble wall, and
amplitudes of ultrasoun@, when Ar is dissolved in 24 °C water that of chemical reactions inside a heated bubble including
with the degree of saturation of 0.002. The frequency of ultrasounghe thermal dissociation of water vapor are taken into ac-
is 33 kHz.R, is the ambient bubble radius that is calculated by theCount In the present study, radiative processes inside a
Eller-Flynn formula37]. T.«is the maximum bubble temperature, bubble are also simulated by the model described in Ref
“energy” is that of the emitted light per pulse, “pulse width” is o . )
that of the emitted light, “mechanism” is that of the light emission, [2f4].| TTe I’adIatl(;/.et.pI’OCGSSESb(.:OHt.SIdeI'efd ?ret bremssgthung
“atom bremss.” is electron-atom bremsstrahlung, and ‘“rad. rec.” O €lec r.on.s, radiative recombination or electrons and 10ns,
is radiative recombination. and radiative attachment of electrons to neutral atoms. For
bremsstrahlung, there are two mechanisms, electron-atom

Pa 1.44 bar 1.47 bar 1.52 bar bremsstrahlung25] and electron-ion bremsstrahlugé],
Ro 4 pm 4.5 um 5 um that are the light emissions from free electrons accelerated in
T max 14000 K 14000 K 15000 K a field of a neutral atom and that of a positive ion, respec-
Energy 0.3 pJ 0.5 pJ 0.9 pJ tively. In the present simulations, the number of free elec-

Pulse width 110 ps 120 ps 130 ps trons inside a bubble is calculated by the Saha equ@®idh
Mechanism  atom bremss. atom bremss. atom bremss.  taking into account the reduction of ionization potentials of
rad. rec. rad. rec. rad. rec. gases by the extreme high density inside a SBSL bubble

[28].

The present simulations are performed under the condi-
: tion of the experiment reported by Hiller and co-workers
resu_lts_lm lRFf"f[l:)’]r'] i le. the followi | [3,29]. In 1994, Hilleret al. [29] reported the SBSL spectra
i Similarly for g_ e 'uLn_blibb e,_t_e 0 0"7'”9 mode:equa- from various noble gases. Each spectral shape reported
lons are USE “Pug=Put (Pg=Pu)NH,0/ Nty Pres=Pg [3,29,30 can be fitted by the black-body formul@lanck
— P, g, Wherep, is the spatially averaged partial pressure offynction). In other words, an effective black-body tempera-
water vapor,ny,o is the number of water vapor molecules ture exists for each spectrum. In Table I, the effective black-
inside a bubble, andye g is the partial pressure of helium at body temperatureTcs) and the energy of the emitted light
the bubble wall. per pulse estimated from the reported spe¢B8®9 are

For a bubble collapse under a condition of SBSL, therdisted. It should be noted that in the experimg®i29] nitro-
are two theoretical models: one is the shock-wave modefen is also dissolved in water in addition to noble gases.
[16—19 that a spherical shock-wave develops inside a colHowever, according to Lohset al. [31], a SBSL bubble
lapsing bubble, and the other is the quasiadiabatic compresonsists of noble gases because nitrogen molecules inside a
sion model[15,2( that no shock-wave is formed inside a bubble change to the soluble species such ag &fd HNQ,
bubble and a bubble is almost uniformly heated by a quasiay chemical reactions and dissolve into the surrounding wa-
diabatic compression, where “quasi”’ means that appreciabléer. The hypothesis of Lohset al. [31] has been confirmed
thermal conduction takes place between a bubble and thexperimentally{32,33.
surrounding liquid. In 1998, Cheng and co-workg?4,22] According to the recent theori¢24,34,35, SBSL is not
clarified by computer simulations of the fundamental equathe black-body radiation. Nevertheless, the theories
tions of fluid dynamics inside a collapsing bubble that no[24,35,36 predict that the spectral maximum of SBSL shifts
shock-wave develops inside a SBSL bubble and the spatidbwards shorter wavelengths as the bubble temperature in-
variation of pressure and temperature inside a bubble is onlgreases, which is the same trend as that of the black-body
a few tens percent. The reason of no shock formation wagadiation. Thus, it is concluded from Table | that the maxi-
theoretically clarified by Vuong, Szeri, and Young in 1999 mum bubble temperature is higher for lighter noble gases, in
[23]. Thus, in the present computer simulations of bubblecontrast to the MBSL case. In the present Rapid Communi-
collapses, a quasiadiabatic compression model is Ukgd  cation, the difference between SBSL and MBSL is ad-

In the model[15], the effect of thermal conduction both dressed.
inside and outside a bubble, that of nonequilibrium evapora- In Table Il, the calculated results of an Ar bubble are

~1.1 at 0.01us beforeR,i,, which is in agreement with the

TABLE lll. The calculated results of a SBSL bubble for various amplitudes of ultraspymehen Xe is
dissolved in 24 °C water with the degree of saturation of 0.004. The frequency of ultrasound is 33ykHz.
is calculated by the Eller-Flynn formul87]. For T ., the values when the mild mixture segregation is
neglected are also listed.

Pa 1.40 bar 1.43 bar 1.47 bar
Ro 5 um 55um 6 um
T max 9000 K 10000 K 10000 K
(without mix.seg. (12000 K (13000 K (13000 K
Energy 0.2 pJ 0.5 pJ 1.0 pJ
Pulse width 170 ps 180 ps 190 ps
Mechanism atom bremss. atom bremss. atom bremss.
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TABLE IV. The calculated results of a SBSL bubble when He is creases, which results in the decrease of the rate of vapor
dissolved in 24 °C water. The frequency of ultrasound is 33 kHz.condensation at the bubble wall at the bubble collapse. As a
For Trax. the value when the mild mixture segregation is neglectedresult, the amount of water vapor trapped inside a bubble and

is also listed. dissociated by the high temperature increases. It decreases
the maximum bubble temperature considerably due to the
Pa 1.7 bar increase of the endothermal heat of dissociation. It should be
Ry 3 um noted here that the vapor condensation at the bubble wall is
Tmax 16 000 K a nonequilibrium process since the bubble collapse is so fast
(without mix. seg). (9000 K) [38]. _ .
Energy 0.1pJ For a He bubble, the maximum temperature is lower than
Pulse width 80 ps that of an Ar bubblg~15000 K) for any driving pressure if
Mechanism atom bremss. the ambient bubble radius is calculated by the Eller-Flynn

formula. Thus, it is expected that a He bubble does not obey
the Eller-Flynn formula. In Table IV, the calculated result of

listed for various amplitudes of ultrasound when the fre-@ He bubble whep,=1.7 bar aniR,=3 um is shown. Un-
quency of ultrasound is 33 kHz and the ambient liquid tem-der the condition, the maximum temperature is higher than
perature is 24 °C. The ambient bubble radi&g)(is calcu- that of an Ar_ bubble. On the other hand, if the mild mixture
lated by the condition of the balance of gas diffusion segregation is neglected, the calculated temperature is always
between the bubble and the surrounding lig(ide Eller- ~Much lower than that of an Ar bubble. It suggests that the
Flynn formula [37]; fgbR“((pg—pv)—pwci/co)dt=0, lr)n'vlllt()jblren|xture segregation indeed takes place inside a He
The increase of the maximum temperature in a He bubble
by the mild mixture segregation is caused by the increase of
the amount of vapor condensation at the bubble wall, which
- ; results in the decrease of the amount of vapor trapped inside
gas concentration in water apart from the bUbblef e_{pds a bubble and dissociated by the high temperature. The maxi-
the SO|Ub'|'ty_ of the gas in water. From_ Table ”', It IS Seen jyym pubble temperature increases due to the decrease of the
that the maximum bubble temperature is nearly independenijothermal heat of dissociation. The higher maximum
of the driving pressure. bubble temperature than that of Ar is not only due to the
_ In Table 11l the calculated results of a Xe bubble are 4 mixture segregation but also to the stronger acoustic
listed. For the maximum bubble temperature, the calculate rive. At the same acoustic amplitude, the bubble tempera-
values when the mixture segregation is neglected are alst%re of He is lower than that of Ar. Fo,r example, whpp
listed. As in the case of Ar, the ambient bubble radiBg)(is  _1 47 par andR,=4.5um, T of He is 9000 K even

calcglated by the Eller-Flynn for_mu[é;?]. It_is seenthatthe i the mixture segregation, while that of Ar is 14 000 K.
maximum bubble temperature is nearly independent of the |, -ocjysion, inside a SBSL bubble in water, water vapor

acoustic amplitude and lower than that of an Ar bubble. It nd noble gaghelium or xenopare mildly segregated. As a
should be noted that even under the same acoustic ampl't“‘?@sult, the maximum temperature in a SBSL bubble of lighter
(pa) and ambient radiusR,), the maximum temperature of

: noble gases becomes higher with the fact that it is driven by
a Xe bubble is lower than that of an Ar bubble due to thestronger ultrasound. It results in the distinguished feature of

effect of the mixture segregation. For example, WHBN  Sgg)| i water that it is bright for all noble gases, with the

=1.47Dbar andRo=4.5um, the maximum bubble tempera- ¢, that the ionization potential of heavier noble gases is
ture of Xe is 10000 K with the mixture segregatittb 000  |5\ver.

K without the mixture segregationwhile that of Ar is

14000 K. The author thanks Mr. T. Tuziuti, Dr. S. Hatanaka, Mr. T.
Now we discuss the reason of the reduction of the maxiKozuka, and Dr. H. Mitome for useful discussions and en-

mum bubble temperature by the mild mixture segregatiorcouragements. This study was supported by Special Coordi-

inside a Xe bubble. By the mild accumulation of xenon neamation Funds for Promoting Science and Technology from

the bubble wall, the vapor pressure at the bubble wall dethe Japanese Science and Technology Agency.

whereT), is the period of ultrasound is the bubble radius,
(pg—p,) is the partial pressure of noncondensable [gas
total pressuref;) minus the vapor pressurg,)] inside a
bubble,p.. is the ambient pressurd atm), c; is the actual
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