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Mie scattering and the physical mechanisms of sonoluminescence
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We propose an experimental procedure to investigate possible mechanisms for radiation emission in sonolu-
minescence. Our analysis is based on Mie’s theory of light scattering for a coated sphere in an external
medium. Depending on the physical mechanism responsible of sonoluminescence, the dielectric constant of the
hot spot changes. As a case study we consider the problem of the detection of an inner plasma core in
sonoluminescent bubbles. Our results show that polarization measurements of scattered light should discern the
presence of a plasma provided that light detectors are fast enough. Extensions to other emission mechanisms
are briefly discussed.

PACS numbdss): 78.60.Mq, 51.70+f

Single-bubble sonoluminescen¢®BSL) is a challenging tering is proportional toR?(t). The scattered intensity de-
and interesting phenomenon exhibiting an unusual energgends crucially on the dielectric constants of the gas and
concentration needed to convert sound into light. From théluid at bubble’s interface. Our proposal is to use Mie's scat-
experimental point of view, several properties of SBSL haveering to detect changes in the dielectric function of the sys-
been characterized, such as the bubble radius as a functiontefn associated to possible emission mechanisms, for ex-
time, flash light duration, emission spectra, and the deperample, the formation of an inner plasma core in SL bubbles,
dence of the phenomenon on initial parameters such as thie generation of an ice shell around the bubble, or properties
water temperature, driving acoustic pressure, and noble gag SL under the application of magnetic fields.
content[1-4]. In particular, experimental measurements of |n this paper we will focus on the particular problem of
the bubble radiusX(t) show that few nanoseconds before getecting a plasma during SL, through a straightforward ap-
attaining its minimum value, and prior to the flash emission yjication of Mie’s theory for coated spheres. Here, the sys-

the implosion velocity exceeds Mach-4 relative to the gasem is assumed to be composed of two concentric spheres

[4,5]. This suggests the formation of converging shockempedded in an external infinite medium, each one charac-
waves in the bubble. Recent experiments have provided eVlarized by its respective dielectric functien,i=1,2,3. For

gleer’]gecc?lllcasic;&ls(] V\II?\éﬁchEuwngcsg zl;:teo trheefse“r?tw?ieatl;ire]g gglt_’aefiniteness, we will study a model of a pure argon SL
culations s?how t.hat ep ' gubble in water. Thus, our SL bubble model consists of an
part of the gas inside the bubble shoul -
concentrate in a central core in a highly ionized sfate9]. nner plasma corge; = .61(‘.")]’ surrounded by a sphere_ of
In this model the essential mechanism for light emission id€SS dense almost nonionized A¢,(-1) [20] embedded in
Bremsstrahlung. However, alternative theories may also acvater (€s=1.768, for visible light [24]. In order to calculate
count for the intensity and spectral distribution of the radia-€1(®@) we use the results of numerical simulations of the
tion emitted during SL: black-body radiation arising from System dynamics during SL. According to Refg.8,19
compressional waveflO], energy liberation associated to shock waves may be generated inside the collapsing SL
imploding water jets in the bubblfl1], radiation due to bubble, yielding a ionization up to fifth order of the Ar at-
proton tunneling in an ice VI shell surrounding the bubbleoms, and temperatures up To~1X 10° K [9]. The subse-
[12], or the disputed application of dynamic Casimir effect toquent recombination process makes the plasma phase last
SL[13-16. less than one nanosecond. During this time, the electronic
To distinguish between the models and find out moredensity No.~1.0x 10?2 cm 2 is almost uniformly concen-
about SL, key characteristics of the phenomenon still remaitrated in a core of~1/5 of the minimum bubble radius;
to be determined experimentally: the size of the hot spot, theingly ionized atoms mostly fill out this core with a slight
actual temperatures of the system, the spatial distribution dendency to avoid the center of the bubble, while less abun-
the radiation emitters, the spectrum beyond the water windant highly ionized atoms concentrate in a smaller core of
dow, etc. Several proposals have been put forth to investigatbout 0.05xm. However, the system keeps local neutrality
some of these characteristics, such as measuring angular iat every point. The existence of local thermodynamic equi-
tensity correlations of SL flashes to determine isotropy proptibrium of the bubble’s contents is generally assumed; this is
erties of the radiatiofl7] or to use Thomson scattering tech- important in building a model of the dielectric function,
niques[18] to search for free electrons. One widely usedsince it is possible to assign the same local temperature to
method to determine the evolution of the bubble radius islectrons and ions. Within such approximation the dielectric
Mie's scattering[4,19]. The standard Mie’s technique con- function of the plasma depends only on the electron density
sists on measuring the intensity of laser light scattered by &l,, the ion densityN;~N,, and the ion-electron tempera-
bubble. In the short wavelength limik <R(t) ] the size of a  tureT. For typical experimental plasmas in the absence of an
homogeneous bubble is inferred from the fact that the scaexternal magnetic field, the complex dielectric function for
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transverse electromagnetic waves with angular frequency 00>~ " ' T T
is [21] ]
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— Plasma
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[e(w,T)]2=1—w(w‘:—‘;yeﬁ), (1)

where the plasma frequeney, is given by

4me*N, —
wi= — 2 i ]
e
01F 4
with e andm, being the electron’s charge and mass, and the
effective ion-electron collision frequenay is I T e
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264 (27Tm)3/2N (.T) . 0(deg)
Vot =L | == g, ).
of m?\ 3kT 9 FIG. 1. Differential scattering cross section for red light scat-

tered from aR=0.6 wm bubble with a plasma cor@lotted ling
Here Z is the charge of the ionsn their mass, and(»,T) and without it(solid line).
=(y/3/7)In A is the Gaunt factor which, following Reff21]

is given by
2\2 1 ([kT\Y2 kT
A=|—] —|— 4 . . : . .
Yoy m Ze2a>p In Fig. 1 we present the differential scattering cross section
da/dQ for red light scattered by a bubble at the time of SL
with y~1.781 ance’ ~2.718. This expression is considered With a radius ofR=0.6 um. We compare the cases with a
valid for w,<w, and T<4z2x10°. For SBSL parameters, plasma core preserjplasma bubble(PB)] or absent[no
w,~5.6x 1015 Hz so that, for optical frequencies, the Gaunt plasma bubbléNPB)]. The differential scattering cross sec-
fapctor Eq.(4) is g(», T)~1, andve~1x 10*° Two typical tion integrated in forward directions basically coincides. In-
. 1 1 [5) . . .
wavelenghts X =27c/w) employed in Mie scattering SL deed, the total scatt%rlng cross sectionsagg=0.12 um?,
experiments are\=637 nm (red light and A=410 nm and onpe=0.13 um", respectively. Therefore, measure-
(blue light. From Eq.(1) the resulting dielectric constants Ments of the bubble radius based on Mie's scattefjguill
associated to these wavelengths afe —2.21+1.04 and yl_eld approximately the same results within this angular re-
e,=—0.42+0.31 i, respectively. The scattered electric gion, regardless of the presence of the plasma core. For

fields for a plane transverse electromagnetic wave inciderﬁ?glesa?90;_|Weh°bserve that the Pstcatterf less light than
upon a coated sphere are given[Bp,23 the NPB, while the converse is true fér-140°. However,

detailed calculations show that the structuredef/d() for
#=90° is more sensitive to variations associated to the spe-
EfexpiksR)S, , (5) cific characteristics of the model under consideration, e.g.,
on the relative radii of the plasma core and bubble at the time
. of SL, on the choice of the dielectric constant for the radiant
Ef= ('_) EPexpiksR)S), (6) ~ Material, on the plasma dynamics, etc. Therefore, a search of
ksR the plasma core requires a theoretical-experimental approach
based on the careful analysis of other complementary mea-
wherek; = \/e;27/\ is the wave number in regianand surements such as polarization of the scattered light, com-
parison of the cross section for different wavelengths, as well

a=%2 (2n+1)(|ay|2+|by[?). )

S|
Ef(kgR

< 2n+1 Ph(cosd) _dPy(cosh) as more precise determinations of the radius at the emission
Si_ngl n(n+1) an sin(0) +bn de - (@ time. As a definite plasma diagnosis scheme, we propose a
relative scattering technique based on the comparison of ei-
1 1 ther polarized or unpolarized measurements of the light scat-
5= 2n+1 asd Pn(cos6) L ps Pn(.coso) ) tered by areference NPB with that scattered by a smaller PB
iman(n+1) " dé " sin(6) or NPB. Thus, we define the relative scattering measurement
as
The subindexes and||, refer to the transverse and parallel
components of the electric field with respect to the scattering aq(Rj) —a4(Ry)

plane, and the parametea§(ky,ko,ks) and by(kq, ks, ks) Aq(Rj R = (10

are effectiveMie coefficients for the case of two concentric

scattering interfacef23]. The scattering cross sections are whereoy(R;) refers to the differential scattering of a bubble
directly found fromdo/dQ =1/1,, wherel =c/8=|E|? is the  of radiusR; (in microng for scattered light of polarizatio.
intensity of the scattered field. The total scattering cross sedf no subindex appears, the cross section is related to unpo-
tion is larized measurements. As a reference bubble we choose an

O'q(RJ) '
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FIG. 2. Relative scattering cross section for unpolarized red FIG. 4. Relative scattering cross section for transverse polarized
light. When no plasma is presefsolid line) a marked peak appears red light. The PB peak a#~90° is absent and instead, the NPB
at ~140°, while for the plasma case a smaller peak appears dgotted ling shows two prominent peaks &-95° and PB and
~90°. These peaks are reminiscent of the structure of the differerNPB cases.
tial scattering cross sectigfrig. 1).

NPB maximum at#~140° remains basically the same.
NPB of radiusR,=1 um, given that an argon bubble in Noteworthy, a reversed pattern is observed for transverse
water does not luminesce at this radius according to botipolarization(Fig. 4), where the PB peak ai~90° disap-
theoretical[9] and experimental resulfg]. pears, while the NPB curve shows two prominent peaks at

As an example, we present in Figs. 2—4 the structure of~95° and at?~140°. The latter is shifted by about 5° and
A(1.0,0.6) for 637 nm light. For unpolarized light detection, increases its amplitude by a factor of 10. The contrasting role
we observe in Fig 2 a definite difference between the of the PB and NPB peaks for each polarization would be a
maxima ofA for PB and NPB at~90°, and a marked peak clear confirmation of the existence or absence of the plasma
for NPB atf~ 140°. This is a reminiscence of the fact that atcore in a sonoluminescent bubble.
6~90° a PB scatters less light than an NPB, whilegat The former analysis can be applied to different wave-
~140° the former scatters more. These observations afdengths of the scattered light. In the particular case of blue
valid also when 0.&R;<1.0 and 0.5R;<0.6. In this (410 nm) light, the structure of the relative scattering func-
sense, these results are robust under changes of the possiti for unpolarized light is very similar to the discussed
radii at which SL occurs. The aforementioned structure car@bove, except that the position of the first peagsociated to
be enhanced and better discriminated with the help of polar@ PB) is shifted to higher angleg~110°, while the position
ization measurements. For parallel polarizatigig. 3) the  of the second onassociated to a NBBemains unchanged.
PB maximum atfd~90°, increases 60 times, whereas theAdain, this structure can be further analyzed with the help of

polarization measurements. The strongest signature of a PB

———T—T—T——T— is that the first peak increases its amplitude dramatically for
600 |- T parallel polarization.
[ 1 In conclusion, for the particular model worked out in this
500 N paper, one clear evidence of a plasma core would be the
L | No Plasma . -
100k Plasma ] great dlffer_ence between parallel and transverse polarized
I scattered light between the reference bubble and the SL
ZOOT 300 L i bubble for angles#=90°. Another evidence would be the
= I : l absence or presence of a strong NPB peak-al40°. It is
< o00 | 0.0015 30 80 4 worthwhile to mention that although we focused on the SL
. plasma model, we also studied the ice VI core model re-
100 | . cently proposed by Willisofil12]. Using the refractive index
I 1 for ice VI, n=1.46, obtained by means of the semiempirical
0 . . . o . . formula of Thorméen et al. [24], the total scattering cross

0 20 20 80 80 100 120 140 160 180  Section for the ice coated bubble would be similar to that
scattered from &~ 10 wm air bubble. This would be easily
detectable as a sudden and strong discontinuity in the total

FIG. 3. Relative scattering cross section for parallel polarizegScattered intensity. o
red light. For the bubble with a plasma core the peald-a90° _The results presented in this paper are proper of the spe-
increase by a factor of 60, compared to the unpolarized gige  Cific model discussed here; however, the actual experimental
2). The NPB peak ap~ 140° remains the same as for the unpolar- réalization should provide similar patterns, with possible
ized case. The inset, in logarithmic scale shows the details;of changes in the amplitude and position of the peaks arising-
with and without plasma. from the relative scattering measurements. This approach can

0(deg)
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be supplemented by considering the application of magnetithis technique seems straightforward provided that the light
fields. Upon the action of strong magnetic fields, the associdetectors are fast and sensitive enough to measure the inten-
ated dynamics of charged particles may induce different spasity of backscattered light at the precise time of SL.

tial distributions of the plasma, with consequent anisotropic  The authors thank Professor R. Barrera for helpful discus-
properties of the dielectric constant. The implementation okjons and CONACYT J27710-T.
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