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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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The sonoluminescence process converts the acoustic
ergy in a fluid medium into a short light pulse emitted fro
the interior of a collapsing small cavitating gas bubble. Sin
the discovery of the technique for trapping a single cavitat
bubble by a standing acoustic wave@1,2#, many remarkable
properties have been revealed@3–6#. The spectrum of emit-
ted light is very wide, extending from the visible to the u
traviolet regions. The conversion process requires so
mechanism of extraordinary concentration of the energy
is apparently related to keeping the sphericity of the colla
ing bubble while its radius shrinks more than one order
magnitude. An important fact is that the light emission tak
place within a very short period of time compared to t
typical scale of hydrodynamic motion of the bubble. T
sensitivity of the radiation power and spectrum to physi
parameters, such as temperature, pressure, the amplitu
acoustic drive, and the gas composition, is the most intri
ing aspect of the process and no apparent reason nor
well-defined systematics are known. In particular, the em
sion mechanism of light is still controversial. Some auth
attribute the light emission to the quantum-electrodynam
vacuum property based on the dynamical Casimir eff
@7–9#. Others consider that thermal processes@10–12# such
as black-body radiation should be the natural explanation
the process. Nonequilibrium atomic collision processes co
also be a strong candidate@13#. In any case, the gas dynam
ics inside the bubble@14,15#, in particular, the shock wave
formation, seems to play an essential role@16#. However,
experimental information on the dynamics of the gas ins
the bubble is not available at present. Due to the short t
scale and to the smallness of the emission region, pre
measurement of this geometric and dynamical informatio
quite difficult. Usually, the time dependence of the bub
radius is measured using the Mie scattering process of l
beams@3,17#. Nevertheless, since we have no information
the properties of the gas during the implosion phase, it is
obvious that the scattered laser amplitude is really measu
the bubble surface. On the other hand, in addition to
knowledge of time elapsed in the process, it would also
desirable to determine the shape of the emission region.

The two-photon interferometry, initially proposed b
Hanbury-Brown and Twiss~HBT! @18# for measuring stellar
561050-2947/97/56~3!/2233~4!/$10.00
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sizes, later found its application in the analysis of hig
energy particle production processes@19# and is now widely
employed in relativistic heavy-ion collisions@20,21#. The ba-
sic principle is associated with the Bose-Einstein statis
obeyed by the identical particles involved in the process,
to the chaoticity of the emission mechanism. If the emitti
source has no additional dynamical correlation, then the t
particle correlation is directly related to the geometrical s
of the source. Several authors@22,23# have discussed the
effect of the source dynamics on pion interferometry. In t
paper, we apply this well-established method to obtain so
important information on the dynamics of the gas inside
bubble while it emits the light pulse. It is interesting to no
that the application of HBT interferometry to the sonolum
nescence bubble (R;1025 m! lies between the stella
(R;1010 m! and the high-energy physics (R;10215 m!
scales.

The HBT interferometry method consists of measuri
two light quanta in coincidence. LetP2(kW1 ,kW2) be the prob-
ability for simultaneously detecting two photons with wa
vectorskW1 andkW2 and P1(kW i) the single-photon probability
The correlation functionC(kW1 ,kW2) is then defined as

C~kW1 ,kW2![
P2~kW1 ,kW2!

P1~kW1!P1~kW2!
. ~1!

If the light is emitted by chaotic, static, and independe
elementary sources, whose space-time distribution is gi
by r(x), each one emitting one photon at a time, the cor
lation function is simply related to the Fourier transform
r(x) as1

C~kW1 ,kW2!511
1

2

u S̃~qW ,KW !u2

S̃~0,kW1! S̃~0,kW2!
, ~2!

where

1Here, we adopt the notation used in@24#, applying it to our case.
The factor 1/2, in the second term, comes from the spin 1 chara
of the photon.
2233 © 1997 The American Physical Society
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TABLE I. The analytic expressions of the correlation function for some typical parametrization o
source densityr(r ,t) are shown.

Form of the source C(kW1 ,kW2)21

Case A e2r 2/2R2
e2t2/2t2

e2(Dv)2t2
e2q2R2

/2
Case B d(r 2R)e2t2/2t2

e2(Dv)2t2
@sin(qR)/(qR)#2/2

Case C Q(R2r )e2t2/2t2
9e2(Dv)2t2

$@cos(qR)2sin(qR)/(qR)#/(qR)2%2/2
Case D e2r /RQ(3t22t2) @sin(DvA3t)/DvA3t#2(11q2R2)24/2
Case E Q(Ṙt2r )e2t2/t2

Q(t) 9uI u2/(8m6),

I 52 iAp@(11mz1)W(z1)2(12mz2)W(z2)#22m
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S̃~qW ,KW !5E d4xe2 iqxr~x! j * ~kW1! j ~kW2!,

qW 5kW12kW2 , KW 5(kW11kW2)/2 , and j (kW i) is the amplitude for
the emission of a photon with the wave vectorkW i at the
source pointx. So, it is possible to determine the sour
geometry from the measurement ofC(kW1 ,kW2) . In general
situations, though, the relationship between the correla
function and the source geometry is more complex, not be
possible to determine uniquely its geometry only from t
knowledge of C(kW1 ,kW2). Nevertheless, in the absence
phase space correlations, once we have a good guess
the shape and the time development of the emitting sou
we could suggest an appropriate parametrization for the
ometry of the process, and the HBT measurements ca
used to determine these parameters.

It should be emphasized that the chaoticity of the emitt
source, which manifests as random phases of an emitted
nal, plays a crucial role in relating the correlation function
the geometry of the source. In contrast to this, if the emiss
process is coherent~for example, a laser source!, it is well
known @20,25,26# that no HBT correlation would be ob
served, that is,

C~kW1 ,kW2![1.

As an immediate consequence, we can distinguish these
extreme scenarios with a precise HBT measurement.
mentioned before, the mechanisms of light emission p
posed so far can be classified into two categories: One b
on rather conventional atomic process of thermal origin, a
the other due to the dynamical Casimir effect. In the lat
case, a coherent burst of light would be produced, whe
for the former scenario we expect chaotic emissions. In b
cases the single-photon spectra are similar to that of
black-body radiation, but an HBT analysis would allow f
clearly differentiating these two emission mechanisms, sh
ding some light on the most intriguing feature of the sono
minescence phenomenon.

Let us now investigate some examples of nontrivial HB
correlation functions (CÞ1). For this, we assume that ligh
quanta emitted from different space-time points have no
tra correlation in addition to that due to the Bose-Einst
statistics. This is the case when, for example, the emis
process has its origin in atomic collisional or bremsstrahlu
mechanisms. We further assume that the gas inside
bubble is locally in thermal equilibrium. This does not ne
n
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essarily mean that the emitted photons are also in ther
equilibrium with the gas. For simplicity, we only treat he
spherically symmetrical sources@6#.

Since the time scale of the hydrodynamic motion is co
sidered to be few orders of magnitude greater than the t
scale of the emitting process (;10 ps!, we first consider that
the source size remains constant during the light emiss
Thus, the time and space dependences are factorized
Table I, we show the analytic expressions of the correlat
function for some typical parametrization of the source d
sity r(r ,t). The first three cases~A, B, and C! refer, respec-
tively, to a Gaussian type of source, to a spherical shell,
to a homogeneous sphere, all of them having a Gaus
lapse of time. The fourth example~D! corresponds to an
exponential spatial distribution shining constantly within
interval of timet.

It could well be possible that the emission region is n
static, in which case the time dependence of the source
should be considered. One may, for instance, imagine
the radiating source is the spherical domain behind the
panding shock front formed at the center@11,10#. In any
case, the fluid velocity is certainly much smaller than t
speed of light so that any dynamical effect due to the fl
motion could be completely neglected. Thus, Eq.~3! is still
valid in this case. An emitting source with these characte
tics is represented by case E.

In Table I, q5ukW12kW2u, Dv5v12v25c(k12k2),
m5Ṙtq, z65(Dv6Ṙq)t/2 andW(z)[e2z2

erfc(2 iz). R
is the spatial extension parameter,t is the time span param
eter of the source, andṘ is the velocity of the shock wave
Case A was studied by Trentalange and Pandey@27#, follow-
ing the prescription given in@28#. However, as pointed ou
by Slotta and Heinz@24#, the current conservation should b
correctly taken into account, which results in a slight dev
tion from Eq.~6! of Ref. @27#. Note that in the first four case
~A–D! above, the correlation functions are written in th
form

C~kW1 ,kW2!511 1
2 T~Dv!F~q!, ~3!

which is a consequence of the factorized form of the sou
Therefore, to determine the time span parametert, it is con-
venient to plot the data for fixedq. If the source is really
factorized in space and time, then plots of ln(C21) vs (Dv)2

for different pairs of (kW1 ,kW2) should generate a set of iden
tical curves just shifted from each other for different valu
of q5ukW12kW2u. In Fig. 1, we show examples of suc
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56 2235HANDBURY-BROWN-TWISS INTERFEROMETRY FOR . . .
plots, with t51 ps, R51 mm in the blue-light domain
(k1.k2.1.33107 m21). The solid lines refer to case A, th
dashed-dotted lines to case D, and the dashed lines to ca
As can be seen in this figure, if the time span is Gaussian
factorized from the space dependence, then these cu
should be parallel straight lines whose slopes would give
value of the parametert. If the time span is not Gaussian
then the curves are not straight lines, but similar to those
case D. However, even in this case, the first derivatives
the corresponding curves with respect to (Dv)2 at the origin
provide an estimate of the parametert. The information
about the source spatial distributionF(q), is determined by
means of the intersection of these lines with the abscissa
case E of Fig. 1, the velocity of the expansion was taken
be Ṙ5231024c, wherec is the speed of light. If the veloc
ity is smaller than this value, the lines corresponding to d
ferent q ’s come closer to one another. This happens
cause, for smaller velocities, the effective emission reg
becomes smaller and, consequently, the correlation func
becomes broader and slow varying withq. Note that for case
E, the lines are not parallel, reflecting the nonfactoriz
emission source.

In practice, such an analysis might be limited by expe
mental conditions. In particular, to get a meaningful res
for the t parameter,Dv should be measured within a res
lution of the order of 1/ps, which corresponds to measur
the photon energy itself within precision of

dv

v
,

1012 s21

3.931015 s21 .2.531024,

for blue light. This might not be easily achieved. Howev
even if the energy resolution is not high enough, the spa
factor in Eq.~3! can independently be analyzed if the sour
is factorized. Being so, the HBT correlation function of tw

FIG. 1. Correlation functions plotted as functions ofDv for
various values ofq. The solid lines refer to case A, dashed-dott
lines are for case D and dashed lines are for case E. The first
cases are examples of factorized sources, whereas the lines fo
E are not parallel.
E.
nd
es
e

r
of

or
o

-
-
n
n

d

-
lt

g

,
al

photons of approximately the same energy, under a poor
ergy resolution~within dv), would lead to an angular corre
lation given by

C~kW1 ,kW2!→C~kW1 ,kW2!511 1/2̂ T~dv&!F~q!.

Since the multiplicative factor̂T(dv)& is independent ofq,
it can easily be eliminated fromC near the originq50. The
necessity of the above renormalization of the correlat
function at the origin as a consequence of a poor ene
resolution of HBT measurements has been pointed ou
@22#. The functionF(q) in Eq. ~3! behaves quadratically in
q aroundq50. Namely,

F~q!55
12R2q21•••, Gaussian ~A!

12R2q2/31•••, shell ~B!

12R2q2/51•••, sphere ~C!

124R2q21•••, exponential ~D!

so that we can determine the parameterR by the curvature of
F(q) at the origin. By defining

k[2
d2F

dq2 U
q50

,

we have

R55
Ak/2, Gaussian ~A!

A3k/2, shell ~B!

A5k/2, sphere ~C!

Ak/8, exponential ~D!.

FIG. 2. Geometrical form factorF(q) plotted as functions of
X5A2(1/2)@d2F(0)/dq2#q. The solid curve corresponds to th
Gaussian source, the dashed-dotted lines to the spherical she
broken lines to the spherical source, and the dashed lines to
exponential distribution.
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To distinguish among the shapes of the correlation functi
reflecting different source density distributions, we wou
need to know the behavior ofF(q) in a wider range inq. To
stress the differences among the four cases above, le
introduce the variableX defined as

X[Ak/2q.

Then, by definition,F behaves as

F512X21•••,

nearX50. In Fig. 2, we compare the behavior ofF as a
function of X for the four cases. The continuous line corr
sponds to the Gaussian spatial distribution, the broken l
to the sphere, the dashed-dotted ones to the spherical s
and, finally, the dashed lines correspond to the expone
density distribution. As can be seen in this figure, the diff
ences among these curves are not striking near the origin
if the data are precise enough (;3 order of magnitudes! in a
sufficiently wide range ofX, we may determine the shape
the source functionr.
.
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As already mentioned, if the emitting process were coh
ent, the behavior of the correlation function would be e
tirely different from the ones just discussed. As anticipa
in the beginning, a precise measurement of the two-pho
correlation function of the light quanta emitted by a sono
minescence bubble would allow us to distinguish betwe
chaotic and coherent emission mechanisms. However,
should stress that, even in the case of a chaotic source, a
energy-resolution experiment could lead to a result simila
the one expected in the case of a coherent source, due t
factor exp(2t2Dv2). Therefore, a very high energy
resolution experiment is required to clearly differentiate b
tween these two opposite scenarios.
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