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Sonoluminescence as a Cooperative Many Body Phenomenon
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We propose that sonoluminescence occurs due to the cooperative interaction of the matter in the
bubble with a radiation field. We illustrate how the collective spontaneous emission of population
inverted atomic or molecular states can lead to a time scale of the light pulse which is consistent with
that observed in experiments. Pumping by an ultrasound source provides the necessary condition for
the inverted states to be correlated over a small volume to trigger sonoluminescence. Experimentally
observed role of trace impurities is seen to be consistent in this picture. [S0031-9007(97)04952-1]

PACS numbers: 78.60.Mq, 42.50.Fx

The phenomenon of sonoluminescence (SL), an outsize, gas in the bubble undergoes order(s) of magnitude
burst of a very short light pulse from a gas bubble inincrease in its pressure and temperature [1,3,13] which
a liquid modulated by an ultrasound, has recently genmakes the gas highly excited or ionized. There results a
erated quite a few interesting experiments [1]. Thermapopulation inversion of such excited atoms or molecules.
blackbody or bremsstrahlung radiation [1-3], dynamicalThis completes the first step. Atoms in the excited states
Casimir effect [4,5], and collision induced emission [6] may return to their ground states by the spontaneous
among many others [1,2,7,8] have been suggested as pagnission of radiation. However, if the distance between
sible mechanisms of its origin. In spite of extensive ex-the excited atoms is smaller than a length scale, say the
periments, and equally intriguing theories proposed, thevavelength of the emitted light, then there could result
cause of the outburst remains a mystery. In the quara phase correlation in the electromagnetic field. The
tum theories [4,5] first principles calculation of the shortcommon radiation field oV atoms is just the superposition
time scale (i.e.,<10 ps) [9] of the radiated light pulse of the field contributions of the individual component
has not been done, though such a time scale is consistomsE = Y~ | E; ~ N, and the intensity of the emitted
tent in this framework. Another important aspect of theradiation,/ ~ |E|>. The total intensity may be written as
experiments [10,11] is that when only a trace of certain
solutes (inert gases or other molecules) is present inthe ; N 7 7+ _ 72 o a2
liquid solution, SL intensity changes by at least an order I %E’EJ Zl: B+ ZE’ Ej =N ()
of magnitude, and even peaks at such minute concentra- '
tions of some of these solutes, though the dielectric conin case of destructive interferende;~ N, as in normal ra-
stant hardly changes at all. It is not yet clear how todiation [14]. If however, the interference term in the last
understand this in these approaches [4,5,10]. That thexpression is nonvanishing, thén~ N2. This coopera-
phenomenon of SL is extremely sensitive in its parametive spontaneous decay is the second step. The collective
ter space, and which itself is multidimensional is bynature of the emission ensures that the peak intensity of the
now very clear [1,12]. Theoretical interest has also beeemitted light goes roughly a@¢>. Correspondingly the du-
concerned with the classical hydrodynamic stability andation of the outburst fov > 1 goes ad';/N, whereT;
evolution of the bubble [1-3,13]. This classical pictureis the decay time for a single excited atom [15]. The long-
proposes a converging shock wave during the final stageange phase correlation encompassing a large number of
of its contraction, which bounces off the bubble centercomponent atoms results in the formation of macroscopic
compressing the gas to tremendous pressure and tempegatantum coherence (MQC). The MQC state is a super-
ture, thus causing the outburst. These theories generalposition of macroscopically distinguishable states and has
are restricted to understanding the bubble dynamics anthacroscopic observables. Collective decay contrasts with
do not address thimherentquantum process of radiation. normal spontaneous decay where individual atoms do not
This paper attempts to address this key issue of the quacerrelate their decay with those in the entire system. Ex-
tum mechanical origin of SL and is complementary to theistence ofquantum coherencis implicit from the phase
classical description of bubble dynamics in some of thesenformation contained in the field correlations mentioned
theories [1-3,13]. above [16]. The creation and spontaneous decay of the

We propose a new mechanism to explain the origircollective excited (MQC) state is mediated by the electro-
of SL as a cooperative many body effect in a two stepmagnetic radiation field present in the bubble. One of the
process. The first step is the population inversion requireéactors that may lead to the enhancement of population in-
to obtain a high density of excited atomic or molecularversion and MQC is to require metastable states with “a
states. As the bubble contracts and reaches its minimuwery long lifetime” en route to the excited states.

i#j

0031-900798/80(1)/189(4)$15.00 © 1997 The American Physical Society 189



VOLUME 80, NUMBER 1 PHYSICAL REVIEW LETTERS 5 ANuARY 1998

A complete and thorough calculation of these ideasThe intensity of the emitted photon pulse at timi the
involves a multiple transition frequency collective decaydirection ofk is defined ady(k,?) = Y, fiwi(a). All
model [17]. For clarity and to demonstrate the essentiahtoms being identical the expectation values in Eg. (5)
physical ideas easily, we follow a much simpler modeldepend on just two indices, say and b, used to label
for the decay of the collective state following the standardhe atoms. The sum ovaery is converted into an integral
superfluorescence model [15] closely. It is not to bein the continuum limit. Thus using Eqg. (5) we get

construed as a final or complete quantification of these 1,(k,0)N

subtle concepts. To treat the problem of coupling of Ink,t) = ————2(1 + {DPy|6,;]|DN))
a collection of atoms to a radiation field, we consider

the effective two-levelquantum Hamiltonian operator + [NT'(k) — 1]

H :I:IF +FIA —I—PIAF,WhereﬁIA = lzlﬁw0&13 is the A oA
atomic part whereos; are the Pauli2 spin operators for XAPy|Gasop-|n)}. (6)
the Ith atom, A = 3, fiwkadi ax, the electromagnetic Where we 3d6f'ne[1(k’0) = Bhwo X, lex - ul?)/87 T,
field part. Each of theV atoms is considered a two-level 1/TA; = 4wyd*/3c’h, and the structure factof (k) =
prototype system [18]. Thus thih atom has a ground |2 =i[exp(ik - r/)]/NI*. The many atom statg¢dy)
state |—), and an excited statg+), to which it may in gene_ral is an MQC state. For the present simple
be excited by an external pumping mechanism providegalculation we choose
by the contraction of the bubble by the ultrasound in N
SL. In this simple calculation we assume that all two- |P~) =] [16.¢), where
level systems have the same transition frequemgy In n=l ie) b2 (7)
general the transition frequenay, for different atoms is  16- 0 = sin(6/2)e |+)n + cog60/2)e' 7| =), .
very different and is distributed over a broad spectrumThe dimensionless energy of theatom system is given
The dipole interact(iion termil4 is given as by Wy = (1/2)(®y|6,3/Py) which simplifies with the
_ wod N P T use of Eq. (7) toWy(r) = (—1/2)N cog6(r)]. So far

Har == kZM(g“lak T oo, ) e ignored the effect of inhomogeneous broadening
where d is the magnitude of the dipole matrix ele- Which may be incorporated into Eq. (6) by multiplying
ment d of the two-level system so thatd =d, and 1'(k) by a factor H(1) = exp—|1|/T;). Using these
u=d/d-d)/2. We have thus assumed that all theresults in Eq. (6) we get the emitted photon intensity per
atoms in the system are identical and have the samgit solid angle around the direction kfat timet as
dipole matrix elemend [19]. The coupling constant of 1, (k, r) = [I,(k,0)/(4N)][N + 2Wx(1)]

the atom field interaction in usual notation igy =
[(2mhc?) /(0 V)] /2 (ex, - u)explik « 1), wherer; is XN A IN = 2Wh@OlINH(OT (k) = 1]}

the position vector of théth atom. The time evolution (8)
of the photon destruction opgratgr is given by Conservation of energy implies that the energy lost by
A - A~ _ [ E@0 * oA the atoms should be gained by the photon field. This
1) = . 3
ax(?) HOkAk < ch ),Zlgk“alz ®) can be derived explicitly in the RWA and hence we
This equation may be formally integrated to obtain get —RwoWy(1) = Iy(1), wherely(r) = §Iy(k, 1)d Q.
) A i iwod &, The integral is over all directions df. This gives the
ag(t) = ax(0)e "' + > ngu result
ch =3 .
X [61+(0) " (0 + wo) —Wi(r) = In(0)/(hiwo)
— 51-(¢ (0k — wo)], (4) = [I/@TOIIN + 2Wn ()]
where we defineg ;- = 6, = idpp and F(x) = § + X [Nu — 2uWy(t) + 2]. C)]

i 8(x). We now obtain th?Tr:a\te of the change in theyy,e o506 the initial state as one that has all atoms in
number of photonsiay) = (axax) in the field mode e respective excited stater) (i.e., complete inver-

k, by using Egs. (3) and (4) along with their complex gjon) which impliesw (0) = N/2. We may now solve
conjugates to evaluat@, ) and making the rotating wave Eq. (9) for Wy(r) and Iy(z) in the limit H(r) ~ 1 to
approximation (RWA) in the end. The expectation isget [20]

taken in a state defined #8) = |0) |®y) where|0) is the

vacuum state of the photon field ahdly) is an arbitrary Wy() = 1= (L+ Np)tanfi(r = «)/21)] (10)
N atom state not yet spzec]ivfieqv. We then have 2u
. 7 [ wod . and
() = —<—> 8kAl8kAm
2\ ch z:zl n; kA 1) = Roo(l + Nu)? sech[(t — 19)/21,] "
X 8wk — w0) (Do G| Dy).  (5) v = au - 4D
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where simple single transition frequency model considered here
the time scale of the pulse widt) ~ 10 fs is consistent
w=-N"1+ f[ll(k,O)/Io]F(k)H(t)ko, (12)  with the experimental upperbound and the total emitted
energy 4 MeV is in the right order of magnitude [1,9]. In
Ip = $1,(k,0)dQx, to = t,In(Nw), andzr, = T;/(1 +  the general multiple transition frequency model this pulse
Np). width ¢, will be somewhat increased.

The solution for Wy(¢) from Eg. (11) can be used The emitted light is expected to be coherent and
in Eg. (8) to get the explicit temporal and directional it should be possible to test for this property. An
dependence of the emitted intensity. Equation (11) is @nvestigation into the spatiotemporal coherence of the
key result which we shall now discuss. Let us assuméL source, its spatial size and pulse width using photon
that the volume of the emitting atoms is a perfect sphereorrelations such as the Hanbury-Brown-Twiss effect
of radius R. Converting sums into integrals in the [22,23] or other techniques, will provide one of the tests
continuum limit while evaluatings, it may be shown that of our proposed SL mechanism. Some other previously
Nu = 9(N — 1) (kR) °[kR codkR) — sin(kR)]>, where proposed mechanisms [1-3,6,7] for SL would entail a
k = |k|. As expected the radiation in this limit is radially chaotic emitted light which would show the following
symmetric. properties in a photon counting experiment performed

To get physically relevant numbers we chodse=  for any of its filtered single modes [24]: (i) The
27 /(400 nm), T, = 10 ns, and the density to be about photons would be bunched and the degree of second order
100 times that of the gas at STP (i.e., 100 times Avacoherenceg®(0) = 2; (i) the probability of findingm
gadro’s number ir0.0224 m?; note that the actual den- photons in a given measurement which gives an average
sity may have a radial dependence but the estimates off (m) photons would be?,, = (m)"(1 + (m))~!~".
the intensity and duration of the SL pulse will remain If an MQC exists during anytime in the SL process
gualitatively unchanged}® = 50 nm. This gives a total then at least some of the emitted light would show
number of radiating atomic or molecular entities of abouta coherent character. However, for purely coherent
1.4 X 10°. This would be measured as the total numbeffiltered single mode light [24] (i) the photons would
of photons emitted which is in the ballpark of the mea-be antibunched ang®(0) = 1, and (ii) P,, would be
sured value [1]. Then using definitions in Egs. (12) wea Poissonian distribution. We note that along with the
getr, = 8 fs andz, = 0.1 ps and the total energy emit- coherent emission proposed in MQC there will also
ted per pulse of about 4 MeV. We now note that thebe some chaotic radiation because of (a) incoherent
measured SL spectrum [10] is a continuum or at leaspreparation of the initial MQC state from a thermal
has a large distribution in wavelength from about 200 to(blackbody) field, and (b) there may be chaotic radiations
700 nm. Obviously, the million or so atoms that producefrom other noncooperative processes. Hence, purely
this spectrum are being excited to various different levelsgoherent light may not be seen in experiment [instead
i.e., thelth atom has a transition frequenayy, and they of ¢@(0) = 1, we expectl = ¢@(0) < 2, presumably
are not all equal as assumed here. Equation (11) is delose to 1].
rived in a single transition frequencyw{) model and There are three possible ways one may obtain a direc-
hence does not incorporate the different levels of excitational dependence in the emitted light: (i) Nonsphericity
tion. In a generalization to a multiple transition frequencyin the bubble shape may cause the emitted light to undergo
model with various excitation levels, the essential featuresefraction or diffraction as may be the case in Ref. [22] and
such as the short time scale and large peak intensity dfi) nonsphericity in the MQC source (whose size could be
Eqg. (11) will be retained and the distribution of various smaller than the already-compressed bubble size). We in-
excitation levels deduced [17]. The spectrum would de<clude this viaw in the calculation. These first two types
pend on this distribution of excited states and hence thef nonuniformities will probably have a long relaxation
preparation of the initial MQC state and its dephasing idime scale. (iii) An inherent quantum directionality could
very important. The initial MQC state being driven by be present in each SL light pulse, which would be ran-
the thermal or quantum fluctuations, the characteristics odlom from pulse to pulse. Unlike the case in superfluo-
such a driving field would be reflected in the spectrumrescence experiments we do not have an incident coherent
[17]. If other incoherent interactions are neglected, theright causing the inversion of atomic states. We therefore
the various types of two-level states will be occupied typi-do not expect any large dipole radiation of this third type.
cally in a Planck distribution. Nonetheless, the enhance@hough eachndividual single bubble SL pulseill have
distribution corresponding to resonance lines could appeaome of the above coherent character analyzing averages
as resonance peaks on top of this continuum spectrumver many pulses needs caution.

[21]. Besides, though the precise trigger for the radia- The importance of the thermal conductivity of dis-
tion process to begin is provided by the coupling of thesolved gases, their polytropic index, viscosity of the solu-
MQC state to quantum fluctuations, other noncooperativéion, etc. have already been discussed earlier [1,2,21,25].
processes may increase the pulse wigdtt{20]. In this  Hiller et al. [10] have also mentioned the possible role of
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Penning ionization. We emphasize three criteria which [3] C.C. Wu and P.H. Roberts, Phys. Rev. L€et0, 3424
in combination could enhance SL in our picture, namely, (1993); Proc. R. Soc. London A45, 323 (1994).

that the dissolved gases or solutes (1) have long-lived[4] J. Schwinger, Proc. Natl. Acad. Sci. U.S.90, 958 (1993);
metastable states, which (2) are high enough in energy 90 2105 (1993);90, 4505 (1993);90, 7285 (1993):91,
to be able to excite or ionize other atoms of their own |E\5/|4a7tﬁ gﬁ?:gfgéz‘;o?llgéggi)?53’7 %11919125; (1992); Lett.
]?r other types, and (3) that these states efficiently rans-, "y o in“prvs Rev. /63, 2772 (1996): Phys. Rev.
er their energy to other atoms and molecules in inelastic

- ) . “  Lett. 76, 3842 (1996).
collisions. The rare gases certainly satisfy these condl-[6] L. Frommholdet al., Phys. Rev. Lett73, 2883 (1994).

tions. Even trace amounts of such impurities may en-(7] | s. Bernsteinet al., J. Phys. Chem99, 14619 (1995);
hance the inversion of states by an order of magnitude by ~ | Kondit et al., Phys. Rev. E52, 4976 (1995); W.C.

chain stepwise excitations as occurs in plasmas. The ob- Mosset al., Phys. Fluidss, 2979 (1994).
served peak in SL emission pteciseconcentrations of  [8] B.P. Barberet al., Nature (London)352 318 (1991).
noble gases [10,26] may then support such an explanaf9] M.J. Moranet al., Nucl. Instrum. Phys. Res., Sect. 5,

tion. The reverse effect of quenching of excited states by
trace impurities may lead to a dramatic drop in SL inten-
sity, as has also been observed [11,26]. From Eq. (11) t
total SL intensity should scale as the square of the dipole
moment of the emitting atom or molecule. The increas
in SL intensity with the dipole moment of the solution

651 (1995); B.P. Barbeet al., J. Acoust. Soc. Am91,
3061 (1992).

Hd0l C.S. Unnikrishnan and S. Mukhopadhyay, Phys. Rev.

Lett. 77, 4690 (1996); C. Eberleiribid. 4691 (1996); R.
Hiller et al., Science266, 248 (1994).

efll] K. Weningeret al.,J. Phys. Chem99, 14 195 (1995).
12] R. A. Hiller et al., Phys. Rev. Lett77, E2345 (1996).

molecules (which may be present in the bubble as wellj13) m.p. Brenneret al., Phys. Rev. Lett77, 3467 (1996)76,

has also been recorded qualitatively [25].

1158 (1996).

We have discussed a collective, quantum atomisti¢14] R.J. Glauberet al., in Cooperative Effectsedited by

idea for the origin of SL. Plausible values of input

H. Haken (North-Holland, Amsterdam, 1974), p. 71.

parameters give estimates of the emitted energy per burBit5] Optical Resonance and Two-Level Atonexlited by

and the short time scale of the SL pulse consistent with
experiment. Experimentally observed critical dependence

L. Allen and J.H. Eberly (Dover, New York, 1987),
Chap. 8.

of SL on trace impurities may be understood in this[18] R.J. Glauber, Phys. Ret3Q 2529 (1963).

picture. Study of the emitted photon bursts [22,23] would
reveal the volume involved in the radiation process,
the time duration of the SL bursts, the two photon
correlations, and other coherence properties which would

serve as adequate tests of the proposed mechanism. The

validity of the proposed mechanism will be explored in
greater detail elsewhere [17].
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