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Resolving the space-time structure of sonoluminescence by intensity interferometry
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We analyze the spatial and temporal resolving power of two-photon intensity interferometry for the light
emitting source in single bubble sonoluminescef88SL). We show that bubble sizes between several 10 nm
and 3um can be resolved by measuring the transverse correlation function, but that a direct determination of
the flash duration via the longitudinal correlation function works only for SBSL pulses that are shorter than 0.1
ps. Larger pulse lengths can be determined indirectly from the intercept of the angular correlator at equal
photon frequencies. The dynamics of the bubble is not accessible by two-photon interferometry.
[S1063-651%98)07607-1

PACS numbe(s): 78.60.Mq, 43.35t+d, 95.75.Kk, 25.75.Gz

I. INTRODUCTION analysis of dynamical processes in extremely small and
short-lived particle sources. Its application to SBSL in the

In single bubble sonoluminescen¢&BSL) [1] an air form of two-photon intensity interferometry should be fur-
bubble in water is trapped in the velocity node of an acousther facilitated by the comparatively large number of photons
tical pressure field. Under defined conditions this bubble peemitted per pulse and by the absence of many of the compli-
riodically emits intense, broadbanded flashes of light, syncations present in high energy applications, like final state
chronous to the driving sound. Measurements of pulséoulomb and strong interactions among the produced par-
widths have given estimated values from less than 50 pgcles and secondary production of particles outside the
[1,2] to more than 250 pE3], and an analysis of the bubble Ssource by decay of unstable resonances.
surface’s temporal variation indicates minimal radii of If successful, SBSL interferometry may in fact turn out to
~0.5um [1]. A direct measurement of the size of the light be a unique testing ground for the method itself since here,
emitting region does not exist so far. contrary to high energy physics where the sources are too

The fundamental light generating mechanism is still un-small and short-lived to be probed externally, alternative in-
known. Some model$§4,5] attribute the light emission to Vvestigation techniques are available that should allow for
electronic excitations or bremsstrahlung processes initiatedarious cross checks.
by spherically converging shock fronts, leading essentially to In this paper we supplement the suggestiofBo] with a
a black-body spectrum. While reproducing the measure@eneral and largely model independent discussion of the
spectra quite well, they require extraordinarily high temperaimethod and its application to SBSL, providingjaantitative
tures with at least partial ionization of the trapped gas. Theénalysis of its spatial and temporal resolving power in the
peak of this thermal spectrum and its high-energy Boltzmanfimited range of experimentally accessible wavelengths. We
tail are postulated to be hidden below the absorption edge ¢fhow that the transverse correlator is sensitive to bubble
water (\<<180 nm) where the photon spectrum cannot beSizes in the physically interesting domain while direct reso-
measured. Alternative explanations, invoking collision-lution of the pulse length via the longitudinal correlator is
induced emissiofi6] or quantum vacuum radiatidir], op-  Probably not possible with the present technology. It can be
erate at more moderate temperatures and, in the latter cagtetermined indirectly, however, via the intercept of the trans-
do not exhibit an(invisible) high energy component while Verse correlator at zero opening angle between the detectors.
still reproducing the spectral shape in the measurable lowhe dynamics of the bubble, unfortunately, cannot be re-
energy window. Numerical simulatior{gl] combining the  solved interferometrically.
gas dynamics inside a sphere with the oscillations of the
bubble surface yield pulse widths ef1 ps combined with a Il. TWO-PHOTON CORRELATION FUNCTION
radius of ~0.5um for the emission region. These simula- i ) )
tions indeed produce strong shock waves, which are seen as 1€ correlation function for two photons with momenta
causal for the light emission, but the predicted flash duratioffa @1dks is defined as
does not seem to coincide with the experimental data.

Intensity interferometry, based on Bose-Einstein correla- C(k, ,kp) =
tions (BEC) between identical bosons, has been discussed as amh
a possibility to clarify the structure and dynamics of the light
emitting region[8,9] by directly measuring its size and life- where P,(k) is the inclusive single-photon spectrum and
time. This technique, originally developed to determine theP,(k, ., kp) is the two-photon coincidence spectrum. All pho-
angular size of star§l0], has recently been considerably ton energies are on-shelh, ,=|k, ,|. In the following we
refined in order to extract the spatial and temporal structur@ssume that the photons are emitted completely incoherently
of the hot reaction zone created in high energy nuclear coland that the source is spherically symmetric. While the latter
lisions [11]. It has proven to be a valuable tool also in theis strongly suggested by the extreme stability of the oscillat-
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ing bubble, some phase coherence among the emitted phonly one distinguished direction, which is defined by the

tons cannot presently be excluded. Ideally one would tegphoton pair momenturK. We therefore use a Cartesian co-

this by measuring thérue) intercept of the two-photon cor- ordinate system in whick=(E,0,0) (i.e., allK dependence

relator (1) at g=k;—k,=0 [9]. As we will show, such a can be expressed through the eneB)yandg=(q;,q, ,0).

measurement is difficult, due to the limited frequency resoWe also have o= w,— w,=2Eq)/(w,+ w,)=(B/c)q;.

lution of present photon detectors; in the long run one mighFollowing the techniques developed[it6,1§ it is then eas-

therefore contemplate a comparison of two- and three-photoity seen that the most general form of the correlator reads

interferometry data to settle the issue of partial coherence , 2~

[12]. C(Q,E)~1+1 e dl XDE~a] (= BOE), (4)
For chaotic(incoherenx sources the single-photon spec-

trum P,(k) and the correlato€(k,,k,) can be expressed in where the angular brackets denote averages taken with the

terms of the single-photon Wigner phase-space densitgource function,

S(x;K) of the emitting sourc¢13—-15:

f d*x f(x) S(x;E)

Pl(k)=f d*x S(x;k,w), 2 (f(X))E)= , (5)

f d*x S(x;E)

2

4 . ig-x
f d’x SxK) e and tilde superscripts indicate center-corrected coordinates,

Xi=%—(x;)(E). [Note that(x,)(E)=0 due to spherical
4 . 4 . l . .
d™x S(x;ka,wa) [ A7y S(y;ky,wp) symmetry] Equation(4) tells us that by measuring, at fixed
E, the correlator as a function gf andqy, respectively, we
can determine the spatial varianp€ ) and the mixed vari-

1
C(ky,kp)=1+ =

2
1 fd“x S(x;K,E) e'd>

A= ance (B8t —x|)?), respectively, of the effective source of
~1+ . (3) A =Y i
2 ” K E photons with energ¥. In principle, for differentE the ef-
x S(x;K,E) fective source can have different such “sizes” or “HBT
radii.”
Here K=(w,+ wy,Katkp)/2 and q=(wa— wp,Ka—Kkp). In relativistic heavy ion collisions thé< dependence

The second equation in E(Q) is an approximation in that (here,E dependendeof the space-time variances plays an
the single-photon spectra in the denominator have beefnportant role as a signature for collective expansion of the
evaluated at the average momentimather than ak, and  emitting sourcg11]. This is most easily seen in the context
ky, and in both the numerator and denominator the correcdf a hydrodynamically expanding, locally thermalized source
energy variable§ w,, w,, and Ko=(w,+ w,)/2, respec- whose momentum dependence is dominated by a boosted
tively] have been replaced by the on-shell energy correBoltzmann distribution~ exp[—K-u(x)/T(x)], where u(x)
sponding toK, E= |k, +kp|/2. This approximation makes the is the collective expansion 4-velocity profile. This factor
following discussion more transparent, but can be systematgenerates correlations between the momerituand the po-
cally corrected fof16] (see below. The factor; in front of  sition x in the emitter, which in turn causeka dependence
the second term in the correlat(8) takes into accourftl7]  of the HBT radii. The strength of these correlations can be
that only photons with equal helicity states are affected byestimated by writing
Bose symmetrization.

Since the measured photons are on-shell and thus the Fou- ~ S(X;E)~s(K-u(r,t)/T)~s(E/T)[1+O(v/c)].  (6)
rier transform in Eq.(3) is not invertible, the space-time ] ) ) ]
structure ofS(x;K) cannot be uniquely reconstructed. Still, Since the expansion velocity(r,t) of the bubble in SBSL is
valuable information on the space-time structure of théimited by the shock velocity in the c_:ompressed_kiubble gas
source can be extracted from the measured correlation fun@nd thus below aboutﬁlc?“ m/s[4] (i.e., v/c<107%), the
tion in terms of the second central space-time moments gronrelativistic estimaté6) is reliable and thex-K correla-

S(x;K) [16,18,11. In the context of SBSL this will be dis- tions induced by the collective dynamics of the bubble are
cussed next. weak. This is different for pion interferometry in heavy ion

collisions: there the collective velocities are of the order of
the light velocity, causing strong-K correlations and an
appreciableK dependence of the correlator, which can be

Detailed investigationgfor a recent overview sefl1]) used as a diagnostic topl1]. In SBSL interferometry, on
have shown that the essential features of the correl@or the other hand, thE dependence of the HBT radii resulting
can be captured by replacing tkedependence of the emis- from the weakx-K correlations is so small that it can be
sion functionS(x; K) by a Gaussian with the same center andneglected in the measurable range (see beloyw. This is
width. This is even more true for SBSL applications than inunfortunate since it means that SBSL interferometry will not
high energy particle physics since here resonance decay gfive any direct access to the collective dynamics of the
fects that can invalidate this Gaussian approximation are akdubble during light emissiofl9]. On the other hand, it sim-
sent. Inserting a Gaussian ansatz &{x;K) into Eqg. (3) plifies the theoretical description because we can neglect the
yields a correlator that is Gaussian in the relative momentunk dependence of the HBT radii and also drop the cross term
g. Due to the spherical symmetry of the problem there isin the longitudinal HBT radius:

Ill. GEOMETRICAL ANALYSIS
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<(§||—CT)2)~(xﬁ)+BZ<Tz>. 7) during one flash, proportional to the incident number _of pho-

tons, is correlated with the output of the second device dur-

This is true because both the displacemin} of the source  ing the same flash and sampled over a sufficient number of

center inK direction and the cross tergx;t) are also gen- bubble oscillations for statistics.

erated by the collective expansi¢f6] and thus here are  This experimental setup suggests the usegt w,— wp

expected to be about four orders of magnitude smaller tha@nd ¢ instead of the variableg, andq;. They are related

the diagonal terméxf) and(t?). via

The corrections resulting from the approximati@) can

4
now be systematically included following the discussion in 9% =| 4E2+ Yo —2q2 |tarti (143
[16]. Writing up to second order ig * 4E? 0 ’
- 7~ — - 0
a ErgfTTe ) ®) o =3 +| 45—, 5 |1tz . (14b)

one derives to quadratic accuracy R, andR; can thus be isolated by fixing the average photon

energyE and scanning the correlator either as a function of

J d*x S(x;K,Kg) e‘q'x~eAquiJ d*x S(x;K) ' the opening angle at equal photon energigs=0, “trans-
verse correlator), or as a function of the energy difference
with go at zero opening anglef(=0, “longitudinal correlator’):
1 d C(qo=0,¢,E)~1+% exp —R? 4E%tarf3¢), (15
ARf(E)Z(s—Ed—E'” Pm)_ © (Go=0,4,E)~1+} exp(—R? 54), (153

C(do,#=0E)~1+3 exp—Rf dg).  (15b)
The single particle distributio®(w,) may be similarly ap-

proximated by IV. RESOLVING POWER

a9

d af d?
8E ' 2/dE 8 g2

dE 8 gp2

We will now proceed towards a quantitative estimate of
the resolving power of such correlation measurements. We
begin by noting that our approximations break down if the

For P;(w;,) one obtains the same expression with the oppofirst terms on the right-hand sides of Eq$3b and (130
site sign for the term linear ig; . For the denominator in Eq. become smaller than the corrections from the second terms.

Pilwy)~| 1+

Py(E). (10

(3) one thus finds to quadratic order This turns out not to be the limiting factor, though, because
similar lower limits for the HBT radii result from the fact
pl(a)a)pl(wb)meZARfﬁMRﬁtﬁ p%(E) (11)  that the opacity of water prohibits measurements at wave-
lengths in the ultraviolet below 180 nm, and low yields make
with the measurement difficult in the infraredb£1.5 eV). Prac-

tical measurements are only possible in the “transparency
window” 1.5 eV =w= 6 eV (210 nm=s\=<830 nm. As we
will see, these limits, at fixeH, the opening anglé> and the
energy differenceayy, which means that the correlat@tb)
Hence the corrected Gaussian expresgidnfor the cor-  can only be measured over a restricted interval of the control
relator reads variables. If the correlator does not fall off appreciably over
s s s the accessible range, the. HST radius pargmeter cannot be
C(a, .q E)=~1+1% e Roa-Rpaj, (139 accurately determined. This gives lower limits ®y andR;
of several 10 nm, i.e., of the same order of magnitude as the
R?=(x?)+AR?, (13b  upper limits for the correction termSR;,AR, .
After these general remarks let us enter a more detailed
Rﬁ=(xﬁ)+,82<~t2>+ARﬁ. (139  discussion, beginning witR, . In Fig. 1 we have plotted the
correlator(15g at fixedE=3 eV andgy=0 as a function of
Note that the correctionAR? and ARF are proportional to  the opening angle. One sees that fdR,=10 nm the cor-
the slope and curvature of the logarithmic intensity spectrumtelator falls off only by about 20% over the measurable
respectively, and are therefore directly accessible fronfange, rendering the determinationRf difficult. According
single-photon measurements. BatR, andAR; turnoutto  to Fig. 1, good measurements Rf are possible for 10 nm
be at most several 10 nm. <R, <3um. For R, >3um angular resolution becomes a
The experimental realization of the correlation measureproblem: the correlator falls off so rapidly that opening
ment (as proposed by Trentalange and Panffly consists angles between the two detectors and angular apertures of
of two photomultipliers focusing on the sonoluminating €ach detector below 1° are required to resolve the correlation
bubble at a relative anglé. The required momentum reso- function. This obviously cuts down on event statistics. How-
lution is achieved by suitably chosen apertures and predetegver, R, >3 um implies a source with transverse size
tor band-pass filters. The signal detected in one muItipIieN(xf)zS pum, see Eq(13b). Since it is known that at the

2

AR?(E)= 1d In Py(E). (12
[ 4 4E2
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h C(Esqo=0:¢) A C(E,qo,¢=0)
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(497:67.4) (689;106.3) 9o [meV]
(436;36.9) ' (584;90.0) ' (803;118.1; FIG. 2. The correlation functiolC(E=3eV,qy,¢=0) as a
(AMnm];0[deg]) function of the energy differenag,, for various values oR, . One

) ) sees that pulse lengths above 1 ps require an energy resolution well
FIG. 1. The correlation functiorC(E=3eV,qq=0,$) as a pelow 1 meV.
function of £=2E tan} ¢ for various values oR, . The domain

aboveé~10.4 eV is not accessible due to light absorption in water.. . . .
. . . . _is strongly diluted. As a consequend®(¢) will not inter-

The second abscissa gives the detector settings for some tgpical . - ; 1 3

values cept the vertical $=0) axis at the ideal value#3; =3, but

at a much lower value. Theffective intercepwill be smaller
. . . . ) the larger the bandwidth of the photon detectors.
point of light emission the source is smaller than ivialues It is not difficult to calculate the effective intercept value
below 1 um are quoted in1]), angular resolution of the a5 a function of the ratio between the filter bandwidth and the

measurement does not appear to be a crucial limiting factofjash duration. Let us assume filters with a Gaussian fre-
One should note, however, thgg=0 as indicated in Fig. quency profile

1 implies ideal energy resolution of the photon detector. We
will see shortly that the finite energy resolution in real life

m_odifies significantly the optimistic picture suggested by (0—w)?
Fig. 1. fo su(®)= S exp — 5
Let us now turn to a discussion Bf. Itis easy to see that V27m(6w) 2(6w)

if the light emitting source has a radius belowuln (i.e.,
d(xf)sl,um), then the right-hand side of Ed13¢ is

dominated by the duration of the light flagh-= \/(1?) as
soon asdr becomes larger than about 3 fahich corre-
sponds tocd7=1 um). Since typical SBSL pulse durations fwa,&u(wl) fwb,,;w(wz)=f,<0,5w,(w) fqoyz&u,(Aw),
discussed in the literatuf@—3] are much longer, we can for (17)
the following discussion neglect in E¢L3¢) the geometric
contribution as well adR, and writeRj~cé7.

Figure 2 shows that SBSL pulses that last longer than 1 pwhere o’ = dw/\2, w=(w;+ w,)/2, Aw=w;— w,, and
can only be resolved if the photon detector has an energi,=(w,+ w,)/2, go=w,— w, as before. Neglecting-K
resolution well below 1 meV. This implies a relative band- correlations in the source as discussed above, we can assume
width SMA=<10"%. As we will see in a moment, it is not that S(x;K) factorizes,S(x;E)~X(x)-s(E), whereX(x) is
sufficient that the filter-to-filter distance between the two de-normalized,fd*x X(x)=1. For the product of single par-
tectors is known with this accuracy; the bandwidtheaich ticle spectra in the denominator of E@) we thus obtain
filter individually must satisfy this constraint.

Commercially available filters in the visible region around
400 nm have bandwidthsS\=1 nm, corresponding to Pi(ksy) P1(Kkp)
SNIN=25X10 4. For 5A=10 nm the authors df8] quoted
coincidence rates of 200—-300 counts/s at a bubble-detector :f doy dw, f,, su(@1) To, s(@2) S(01) S(w))
distance of 200 mm. For smallei\ the coincidence rate a
drops essentially like §\)2.

. (16)

One easily checks that

Too large values ob\/\ imply that the correlator in Fig. =f do fKO’,;w,(w) f d(Aw) fqoyzgwr(Aw)
2 is averaged over a rangg, which is much larger than the
region over which the correlator drops back to 1. This im- Xs(w+3Aw) S(w—2Aw), (18

plies not only that the longitudinal correlation function
C(go) cannot be resolved, but also that the transverse corre-
lation functionC(¢), being averaged over a widg range, while the numerator is similarly found to be
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Pa(Ka,kp) = P1(Ka) P1(kp) Y 2c0)1]
1 , ‘
—5 | do 6(@)? fiy (@)

011

X f d*x d*y X(x) X(y)

xe ) [ d(80) fg, 0 (30) oty

iAa[(x*~y0)~ 1/2(x~y)- (ea+ )]
xXes? BT ! (19) 0.001 [
wheree, , are unit vectors in the direction &f, ,. Since the > 10 100 1000 10000 Ff[um]
filter bandwidthdw is narrow, the single particle spectrum , , , , , i
s(E) can be taken constant inside the filter gap. This so- 001 01 1 10 100
called “smoothness approximation” allows us to perform 3t =¥ ) [ps]

the integration oveA w in Eq. (18): o ) _
FIG. 3. Effective intercept as a function of the flash duration

) Ruwc\/62> assuming a filter bandwidthA =1 nm atA =413 nm.
Pa(ke) Pa(ko) = [ do (S(0)? fiy (@) (20
ter resolutiondw and S\. As discussed above, increasing the
bandwidth enhances the coincidence rate quadratically while
the effective intercept value decreases only linearly. In lead-
ing order the effect o6\ on the experimental error bar 6

To obtain the effective intercept, we divide E49) by Eq.
(18) and sek,=k,=K, i.e.,qo= ¢=0 ande,=e,. Then the
w integration in Eq(19) factorizes, and the first factor on the s cancels. Of course, determinidg via the effective
right-hand side of Eq(19) cancels against Eq20). The  jntercept of the correlator is a somewhat roundabout proce-
second factor can be easily evaluated in the Gaussian agyre that depends in a crucial way on the assumed chaoticity
proximation where we replace the space-time fador) by  of the source; eventually one would like to achieve a genuine
a Gaussian with the same rms widths. We find lifetime determination by measuring the longitudinal cor-
relator (15b) with appropriate frequency resolution.

1 1
C(q=0)=1+— V. SUMMARY

2 \1+4(50)2((x3)+cX(T2))I (ho)?

We have shown that two-photon intensity interferometry

1 1 can be applied to study the size and lifetime of the light-
=1+ — ) (22) emitting region in single-bubble sonoluminescence. A mea-
2 \/1+4( 5w)2Rﬁ/(ﬁC)2 surement of the transverse correlation function in the experi-

mentally accessible frequency range provides sensitivity to

The dependence of this effective interceptRyriwhich in  sizes between several 10 nm and a few for the active
the limit considered here is approximately equal to the flastbubble region. Present technological limitations on the fre-
durationcd7) is plotted in Fig. 3 for a fixed filter bandwidth guency resolution limit a direct measurement of the flash
S\=1 nm at an average photon enerfy3 eV (corre- duration via thelongitudinal correlation function to pulse
sponding to =413 nm). For this cas&do R|/(fc)=1 cor- lengths below 0.1 ps. We showed, however, that for chaotic
responds to a flash duratiofir=88 fs~0.1 ps. One sees e€mitters with longer flashes the pulse duration can be deter-
that the effective intercept is unity fatr<0.1 ps; this is the mined indirectly via the intercept of thieansversecorrela-
domain where the given filter bandwidth allows us to resolvetion function as a function of frequency resolution. The dy-
the flash duration by measuring the longitudinal correlationtamics of the bubble during light emission is not accessible
function (15b). For §7>0.1 ps, the effective intercept de- by two-photon interferometry, due to the much too small
creases linearly with the pulse leng@(0)—1~1/57. Thus,  €Xpansion velocities.
assuming completely incoherent photon emission efil
> (X{), o can be determined from the effective intercept
of the transverse two-photon correlaté6a even if the lon- U.H. would like to thank B. Svetitsky for interesting dis-
gitudinal correlator15b) does not show any structure fér  cussions that motivated this work. He also gratefully ac-
values outside the experimental resolutifiter bandwidth  knowledges clarifying conversations with A. Chodos, Y.
Sw. Hama, T. Hemmick, G. Kunde, B. Lasiuk, S. Padula, and S.
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