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Hanbury-Brown-Twiss interferometry for sonoluminescence bubble
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Two-photon correlation of the light pulse emitted from a sonoluminescence bubble is discussed. It is shown
that several important features of the mechanism of light emission, such as the time scale and the shape of the
emission region, could be obtained from Hanbury-Brown-Twiss interferometry. We also argue that such a
measurement may serve to reject one of the two currently suggested emission mechanisms, i.e., the thermal
process versus the dynamical Casimir effect.
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PACS numbeps): 42.50.Ar, 78.60.Mq, 43.35.d

The sonoluminescence process converts the acoustic esizes, later found its application in the analysis of high-
ergy in a fluid medium into a short light pulse emitted from energy particle production procesgé&$] and is now widely
the interior of a collapsing small cavitating gas bubble. Sinceemployed in relativistic heavy-ion collisiof20,21]. The ba-
the discovery of the technique for trapping a single cavitatingsic principle is associated with the Bose-Einstein statistics
bubble by a standing acoustic wale2], many remarkable 0Obeyed by the identical particles involved in the process, and
properties have been revealg&6]. The spectrum of emit- to the chaoticity of the emission mechanism. If the emitting
ted light is very wide, extending from the visible to the ul- source has no additional dynamical correlation, then the two-
traviolet regions. The conversion process requires somparticle correlation is directly related to the geometrical size
mechanism of extraordinary concentration of the energy an@f the source. Several authof82,23 have discussed the
is apparently related to keeping the sphericity of the collapseffect of the source dynamics on pion interferometry. In this
ing bubble while its radius shrinks more than one order ofPaper, we apply this well-established method to obtain some
magnitude. An important fact is that the light emission takegmportant information on the dynamics of the gas inside the
place within a very short period of time compared to thebubble while it emits the light pulse. It is interesting to note
typical scale of hydrodynamic motion of the bubble. Thethat the application of HBT interferometry to the sonolumi-
sensitivity of the radiation power and spectrum to physicanescence bubbleR~10"° m) lies between the stellar
parameters, such as temperature, pressure, the amplitude (&~ 10" m) and the high-energy physicsR¢-10"° m)
acoustic drive, and the gas composition, is the most intriguscales.
ing aspect of the process and no apparent reason nor any The HBT interferometry method consists of measuring
well-defined systematics are known. In particular, the emistwo light quanta in coincidence. L&,(k;,k,) be the prob-
sion mechanism of light is still controversial. Some authorsability for simultaneously detecting two photons with wave
attribute the light emission to the quantum-electrodynamiqectorsk, andk, and P;(K;) the single-photon probability.

vacuum property based on the dynamical Casimir effec . : A '
[7—9]. Others consider that thermal procesEb&—12 such tI'he correlation functiorC(k4 ,k,) is then defined as

as black-body radiation should be the natural explanation for P.(K. Kk

A . .. > 2( 1 2)
the process. Nonequilibrium atomic collision processes could C(ky kp)=—=——"—. (1)
also be a strong candiddt&3]. In any case, the gas dynam- P1(k1)P1(kz)

ics inside the bubbl¢14,15, in particular, the shock wave . . . . : .
formation, seems to play an essential rpl§]. However, If the light is emitted by chaotic, static, and independent

experimental information on the dynamics of the gas insidé'émentary sources, whose space-time distribution is given

the bubble is not available at present. Due to the short tim&Y £(X), ach one emitting one photon at a time, the corre-

scale and to the smallness of the emission region, preci gtion function is simply related to the Fourier transform of

measurement of this geometric and dynamical information i x) as

quite difficult. Usually, the time dependence of the bubble - > =l

radius is measured using the Mie scattering process of laser C(IZ K )=1+ l S(a.K)| 2

beamq3,17]. Nevertheless, since we have no information on 12 2 §(0,E1)§(0,E2) '

the properties of the gas during the implosion phase, it is not

obvious that the scattered laser amplitude is really measuringhere

the bubble surface. On the other hand, in addition to the

knowledge of time elapsed in the process, it would also bé

desirable to determine the shape of the emission region.  Here, we adopt the notation used[¥4], applying it to our case.
The two-photon interferometry, initially proposed by The factor 1/2, in the second term, comes from the spin 1 character

Hanbury-Brown and Twis¢HBT) [18] for measuring stellar  of the photon.
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TABLE I. The analytic expressions of the correlation function for some typical parametrization of the
source density(r,t) are shown.

Form of the source C(Ky,kp)—1
Case A o 2R g 2127 e~ (h0)*Pg-0’R%p
Case B 5(r—Rye 27 e~ A ”[sin@R)/(GR 212
Case C O(R—r)e 2" 9e~(4*"{[ cosgR —sin@R/(AR J(aR?Z2
Case D e RO (32—t [sinAw\37)/Aw\37)3(1+q?R?) /2
Case E B(Rt—r)e 701 o[11%/(81),

l=—iVa[(1+uz")W(Z") = (1—pz )W(z7)]-2u

- 4 i e essarily mean that the emitted photons are also in thermal
S(q,K)=f d*xe™'p(x)j* (k1)j(Kz), equilibrium with the gas. For simplicity, we only treat here
spherically symmetrical sourcés].
&=I21—I22 , IZ=(E1+I22)/2 , andj(lzi) is the amplitude for Since the time scale of the hydrodynamic motion is con-

Lo ) > sidered to be few orders of magnitude greater than the time
the emission of a phpton W'.th the wave v_eclqr at the scale of the emitting process-(L0 p9, we first consider that
source pointx. So, it is possible to determine the SOUrce o oo rce size remains constant during the light emission.
geometry from the measurement 6{k; k) . In general Thys, the time and space dependences are factorized. In
situations, though, the relationship between the correlatiomaple I, we show the analytic expressions of the correlation
function and the source geometry is more complex, not beingynction for some typical parametrization of the source den-
possible to determine uniquely its geometry only from thesity p(r,t). The first three case@, B, and Q refer, respec-
knowledge ofC(k,,k,). Nevertheless, in the absence of tively, to a Gaussian type of source, to a spherical shell, and
phase space correlations, once we have a good guess abtmta homogeneous sphere, all of them having a Gaussian
the shape and the time development of the emitting sourcéapse of time. The fourth exampl@) corresponds to an
we could suggest an appropriate parametrization for the gesxponential spatial distribution shining constantly within an
ometry of the process, and the HBT measurements can haterval of timer.
used to determine these parameters. It could well be possible that the emission region is not
It should be emphasized that the chaoticity of the emittingstatic, in which case the time dependence of the source size
source, which manifests as random phases of an emitted sighould be considered. One may, for instance, imagine that
nal, plays a crucial role in relating the correlation function tothe radiating source is the spherical domain behind the ex-
the geometry of the source. In contrast to this, if the emissiopanding shock front formed at the cenfdrd,10. In any
process is coherertfor example, a laser sourget is well  case, the fluid velocity is certainly much smaller than the
known [20,25,28 that no HBT correlation would be ob- speed of light so that any dynamical effect due to the fluid
served, that is, motion could be completely neglected. Thus, E).is still
valid in this case. An emitting source with these characteris-
C(Ky,ky)=1. tics is represented by case E.
. . o . In Table |, q:“Zl_lZZl! szwl—wzzc(kl—kz),
As an immediate consequence, we can distinguish these tw/gz Rrq, 25 =(Aw=Rq) /2 andW(z)Ee*ZZerfc(—iz). R

extreme scenarios with a precise HBT.meaS“Te”Je”t- AR the spatial extension parameters the time span param-
mentioned before, the mechanisms of light emission pro-

posed so far can be classified into two categories: One basf:aer of the source, and is the velocity of the shock wave.
on rather conventional atomic process of thermal origin, an ase A was St_Ud_'ed b_y Tre_ntalange and Paridéy, .fOHOW'

the other due to the dynamical Casimir effect. In the latter 'Y the prescrlptl_on given ip28]. However, as pointed out
case, a coherent burst of light would be produced, whereaF§y Slotta and H_e|n224], the current conservation .ShOU|d b_e
for the former scenario we expect chaotic emissions. In botﬁorrectly taken into account, which re_sults na slight devia-
cases the single-photon spectra are similar to that of th on from Eq.(6) of Ref. [27]._Note thqtmthe first four cases
black-body radiation, but an HBT analysis would allow for A-D) above, the correlation functions are written in the
clearly differentiating these two emission mechanisms, she orm
ding some light on the most intriguing feature of the sonolu-
minescence phenomenon.

Let us now investigate some examples of nontrivial HBTwhich is a consequence of the factorized form of the source
correlation functions C+#1). For this, we assume that light quer . L '
Therefore, to determine the time span parametétris con-

guanta emitted from different space-time points have no ex- "~ t 1o plot the data for fix If th rce is reall
tra correlation in addition to that due to the Bose-Einstein < o' {0 plot the data for ed. € source IS really

. . . 2
statistics. This is the case when, for example, the emissiof‘f"cm.”z‘Ed n sp.ace arld time, then plots 0l0A(1) vs (Aw?
process has its origin in atomic collisional or bremsstrahlundor different pairs of k;,k;) should generate a set of iden-
mechanisms. We further assume that the gas inside tHécal curves just shifted from each other for different values
bubble is locally in thermal equilibrium. This does not nec- of q=|l21—122|. In Fig. 1, we show examples of such

C(ky,kp)=1+ : T(Aw)®(q), 3)
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FIG. 1. Correlation functions plotted as functions &t for FIG. 2. Gezometrlcalzform facto@(q) plotted as functions of
various values ofy. The solid lines refer to case A dashed-dottedxz \/7_(1/2)[d ©(0)/dgr]q. The solld_curve correspon_ds to the
’ (GGaussian source, the dashed-dotted lines to the spherical shell, the

lines are for case D and dashed lines are for case E. The first two

. . broken lines to the spherical source, and the dashed lines to the
cases are examples of factorized sources, whereas the lines for case

E are not parallel. exponential distribution.

o
—_
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plots, with =1 ps, R=1 um in the blue-light domain photons of a_\ppro_ximately the same energy, under a poor en-
(ky=ky=1.3X 107 m—l)_ The solid lines refer to case A. the €M9Y resolution(within dw), would lead to an angular corre-

dashed-dotted lines to case D, and the dashed lines to case!@ON given by

As can be seen in this figure, if the time span is Gaussian and L. ..

factorized from the space dependence, then these curves C(ky,ko)—C(ky,ko) =1+ 1/2T(Sw))P(q).

should be parallel straight lines whose slopes would give the

value of the parameter. If the time span is not Gaussian, Since the multiplicative factofT(dw)) is independent ofj,
then the curves are not straight lines, but similar to those foit can easily be eliminated froi8 near the origirg=0. The
case D. However, even in this case, the first derivatives ohecessity of the above renormalization of the correlation
the corresponding curves with respect fouf)? at the origin  function at the origin as a consequence of a poor energy
provide an estimate of the parameter The information  resolution of HBT measurements has been pointed out in

about the source spatial distributidn(q), is determined by [22]. The function®(q) in Eq. (3) behaves quadratically in
means of the intersection of these lines with the abscissa. F@f aroundq=0. Namely,

case E of Fig. 1, the velocity of the expansion was taken to

be R=2x10 “c, wherec is the speed of light. If the veloc- 1-R2g%+-.-, Gaussian (A)
ity is smz'iller than this value, the lines correspondmg to dif- 1-RPq%3+---, shell (B)
ferentq 's come closer to one another. This happens be- d(q)=

cause, for smaller velocities, the effective emission region 1-R%g%5+---, sphere (C)
becomes smaller and, consequently, the correlation function 1-4R?q?+---, exponential (D)

becomes broader and slow varying withNote that for case

E, .the' lines are not parallel, reflecting the nonfactonzedso that we can determine the param&séy the curvature of
emission source.

In practice, such an analysis might be limited by experi-q)(q) at the origin. By defining
mental conditions. In particular, to get a meaningful result

2

for the = parameterA w should be measured within a reso- = — d“o
lution of the order of 1/ps, which corresponds to measuring dg® q=0’
the photon energy itself within precision of

S 1012 o1 we have

—<geoas —1=2.5X 1074,

® 3.9x107 s Jkl2, Gaussian (A)
for blue light. This might not be easily achieved. However, R V3k/2, shell (B)
even if the energy resolution is not high enough, the spatial = \/m sphere (C)

factor in Eq.(3) can independently be analyzed if the source
is factorized. Being so, the HBT correlation function of two Vk/8, exponential (D).
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To distinguish among the shapes of the correlation functions As already mentioned, if the emitting process were coher-
reflecting different source density distributions, we wouldent, the behavior of the correlation function would be en-
need to know the behavior df(q) in a wider range ig. To tirely different from the ones just discussed. As anticipated
stress the differences among the four cases above, let i3 the beginning, a precise measurement of the two-photon

introduce the variabl& defined as correlation function of the light quanta emitted by a sonolu-
minescence bubble would allow us to distinguish between
X=1/x/2q. chaotic and coherent emission mechanisms. However, we
should stress that, even in the case of a chaotic source, a poor
Then, by definition® behaves as energy-resolution experiment could lead to a result similar to
the one expected in the case of a coherent source, due to the
d=1-X+---, factor expt7Aw?). Therefore, a very high energy-

resolution experiment is required to clearly differentiate be-

nearX=0. In Fig. 2, we compare the behavior & as a tween these two opposite scenarios.

function of X for the four cases. The continuous line corre-
sponds to the Gaussian spatial distribution, the broken lines This work has been partially supported by FAPEE®BN-

to the sphere, the dashed-dotted ones to the spherical shetact No. 95/4635-) MCT/FINEP/CNPq(PRONEX) under

and, finally, the dashed lines correspond to the exponentiatontract No. 41.96.0886.00 and FAPERJ. One of(Ti.)
density distribution. As can be seen in this figure, the differ-expresses his gratitude to J. Rafelski, I.Scott, and H-T. Elze
ences among these curves are not striking near the origin, bfdr stimulating discussions on sonoluminescence phenomena
if the data are precise enough 8 order of magnitudesn a  and encouragements. Discussions with C.E. Aguiar, L. M.
sufficiently wide range oK, we may determine the shape of Pimentel, and P.A. Nussenzweig are gratefully acknowl-
the source functiomp. edged.
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