
size ~ a r l e d ,  denlonstrate ~ ~ n a m b ~ g u o u s l y  a 
decrease in target strength with increasing 
event size, and the rate of decrease matches 
theoretical expectation (K. R. Housen, 
Boeing Corporation). Code simulations of 
o b l i q ~ ~ e  collisions anlong asteroids also 
quant~Aed the  transfer of angular momen- 
~LIIII in  larger scale collisions in  the  gravity 
regime (as opposed to  the  strength regime, 
which can be measured in  the  laboratory) 
(S. G. Love, Cal i forn~a Institute of Tech-  
nology). Angular- momentum^ transfer was 
found to  be quite inefficient (compared 
1 ~ 1 t h  laboratory-scale experiments) because 
so I ~ I L I C ~ I  is carried away in  forward-moving 
ejecta:.The ultimate control of the  spin evo- 
lution of the  asteroids, as a n  ensemble, turns 
out to  be their b ~ l l k  densities. 

It also turns out that the density, or more 
specifically, the porosity, of desert sand ac- 
counts for some remarkable aspects of the 
Wabar craters, which were indeed fo~und and 
systematically surveyed by Shoemaker and 
company. Modest in slze ( the  largest being 

-120 m across), the  craters turn out, despite 
earlier reports, to have not formed in bedrock. 
Rather, the floors and r i~ns  are lined with 
chunks of black and white in~pact  glass and 
hunks of shock-com~ressed sand metamor- 
phosed to firm rock. These impacts were pre- 
served In the sands of time entirely because 
thls "lnstant r o c k  reslsted erosion. Similar 
shock-weldinu no doubt occurs in the surface 
regolith and soil layers of the moon and other 
planets and satellites. Finally, preliminary 
tl~erlnolulllinesce~lce dating of sand buried 
beneath the crater rim eiecta oives a forma- 
tion age for the  craters, reducing a previous 
value of -6500 years before present by an  or- 
der of magnitude. So  rather than forming 111 

prehistory, the rain of Wabar iron could have 
been viewed by descendants of the Prophet. 
This is the  real lesson of impact studies, that 
the extreme is neither ~lnusual nor infrequent. 
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; Shocking Revelations 
Lawrence A. Crum and Thomas J. Matula 

I n  single-bubble sonolulninescence (SBSL), 
a small gas bubble that has been acoustically 
levitated in a liouid and drlven into laroe 
a~nplitude volul-ne oscillations by the  sound 
field, radiates visible light each and every " 

acoustic cycle (1) .  These emissions are ex- 
tremely short in  duration ( 4 0  ps), and the  
spectral content of the  light suggests that the  
temperature of the  gas that gives rise to  these 
emissions may be much hotter than the  sur- 
face of the sun (-7000°C). lnav even be as 
high as a nllllion degrees, and could poten- 
tially lead to thermonuclear f~usion. On page 
1398 of this issue, Moss et al. (2 )  present the  
results of their application of the tools of 
f ~ ~ s i o n  research-large computer s im~~la t ions  
of inertiallv confined ~lasmas-to uncover 
sonle of the  physics of sonol~u~l~inescence. 

Previously, Hiller et al. ( 3 )  r e ~ o r t e d  that 
slnall amounts of noble-gas doping could 
greatlv influence the light o u t p ~ ~ t  of SBSL, 
and a n  accompanying Perspective (4) de- 
scribed hen, much was still unknown about 
this intriguing phenomenon. Since that 
time, there have been several additional ar- 
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ticles published offering Inore experimental 
data and theories about the  mechanism of 
light emission. 

Eberlein (5) extended the  original sugges- 
tion of Schwinoer (6)  that SBSL n.as a modi- ~, , 

fled version of the  dynamic Casimir effect 
and proposed that it was the  first macro- 
scopic delnonstration of quantum vacuum 
radiation. In  this scenario, the  r a ~ i d l v  decel- 

L ,  

erating dielectric interface interacts with the  
auantum vacuum field, and ohotons are 
emitted. This theory has been challenged by 
a number of investigators (7) but was consid- 
ered one of the  top 20 physics stories of 1996. 
Bernstein and Zakin (8) hal,e proposed that 
the  origin of sonolum~nescence arises fronl 
the  emissions of electrons confined in small 
voids within the  dense fluid during the  final 
stages of bubble collapse. Lepoint et al. (9) 
have explained SBSL o n  the  basis of a n  elec- 
trical discharge theory in  which numerous 

u 

small, charged liquid lets penetrate the  Inte- 
rior of the  bubble during bubble co l l a~se .  
T h e  tips of these charged jets produce a 
strong enouoh field that electrons are emit- - 
ted and produce light through collis~ons 
(bremsstralllu~lg). Prosperetti (10) suggests 
that this light e~nission occurs not  by electri- 
cal illscharge, but when the  high-speed jet 
strikes the  opposing \vall of the  bubble, light 

is produced by a form of fractoluminescence. 
T h e  n ~ o s t  popular theory a t  the  lllolnent 

appears to  be the  one originally proposed by 
Jarnlan (1 1 )  in the  1960s, in which the rap- 
idly movinu bubble ~nterface l a~~nc l l e s  a n  
imploding sLock wave into the  gas contained 
in the  interior (see f i g ~ ~ r e ) .  This imploding- 
shock-wave model was exa~nlned by a n u n -  
her of ~nvestioators 112), who used various 
f o r n ~ ~ ~ l a t ~ o n s  for the  iubble  and shock-nwe  
dvnanllcs and the e o u a t ~ o n  of state for the  
gas. Predictions of temperatures in  excess of 
several lnillion degrees were made. Of 
course, the  llvlploding shock theory assumes 
that the  collapsing bubble remains sym- 
metrical long enough to  launch a shock 
wave, a feature challenged by some research- 
ers (10.  13) .  There  are a number of other 
theories besicks these, and they all p ~ ~ r p o r t  to 
explain a t  least sonle of the  existing experi- 
mental observations. 

T h e  experi~nentalists have also made a 
nu~llber of amazing dlscoverles. For example, 
Young e t  al. ( 14)  exposed a sonoluminescing 
bubble to a high ~nagnet ic  field and found 
that they could double the  light lntenslty; in  
addition, they were able to Increase the  
acoustic pressure required for light enlission 
to  a factor of two higher than that r e a ~ ~ i r e d  at 

u 

zero magnetic field. In  an  experinlent in 
which SBSL was compared n'ith multiple- 
bubble sonoluminescence (MBSL) ( in  
which a field of b~lbbles created by cavita- 
tlon, rather than  a single bubble, iroduces 
llght), Matula et al. (15) de~nonstrated that 
the  spectrum of MBSL contained e~nission 
bands that were characteristic of the  liquid, 
but these bands \\ere completely absent for 
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SBSL in the same liquid. Crum (16) sug- 
gested that MBSL and SBSL were com- 
L, 

pletely different phenomena; however, in a 
second ex~eriment. Matula et al. (1 7) dem- . , 

onstrated ;hat the' optical pulse widths of 
SBSL and MBSL appeared to be similar. 

When SBSL was examined in ordinary 
water and heavy water with the gas contain- 
ing either hydrogen and deuterium (1 8), it 
was apparently observed that the spectrum 
was more indicative of the contents of the 
liquid rather than that of the dissolved gas. 
Recently, using a femtosecond laser, Wen- 
inger et d. (1 9) discovered that near the final 
stages of collapse, the bubble interface moves 
at a velocity near Mach 4 (measured with 
respect to the ambient conditions contained 
within the bubble). This rapidly moving in- 
terface suggests that shock waves within the gas 
are a likely product of the imploding bubbles. 
Because the bubble is assumed to be spherical, 
it was expected that the light emitted from the 
bubble would be isotropic, without any pre- 
ferred direction in space. However, Weninger 
et al. (20) presented evidence that under cer- 
tain conditions, the emission had a dipole pat- 

- - 

tern, suggesting the presence of asymmetri- 
cal bubble shapes and other possibilities. 
Longuet-Higgins and Oguz (1 3) have studied 
the collapse of a bubble that is acoustically 
levitated within a liquid and concluded that 
asvmmetrical colla~se is more likelv. if not , , 
required. However, when Matula examined 
sonoluminescence in NASA's flying parabolic 
trajectories, he was unable to observe any in- 
crease in the maximum sonoluminescence in- 
tensity during periods of microgravity over that 
observed in periods of hypergravity; presum- 
ably, a bubble in microgravity would not have 
the periodic vertical oscillation that occurs for 
an acoustically levitated bubble under the in- 
fluence of buoyancy (gravity) and thus limiting 
the development of asymmetrical collapses. 

The remarkable effect of noble-gas dop- 
ing reported over 2 years ago has eluded ex- 

planation until Lohse et al. (21) suggested 
that the sonoluminescing bubble was actu- 
ally a small chemical reaction chamber and 
that the nitrogen and oxygen components of 
air were converted into reactive molecules 
that were absorbed within the liquid, leaving 
only the noble gas behind. Currently, there is 
no (published) experimental confirmation 
of this exciting hypothesis. 

Thus. even thoueh there has been an in- - 
tense amount of research effort in this area, 
there have been more questions raised than 
answers found over the past 2- 112 years. In their 
present work, Moss et al. (2) find that a shock 
wave is produced in the gas contained within 
the collapsing bubble and apply the numerical 
codes of inertial confinement fusion (with im- 
plicit and explicit hydrodynamics) to an analy- 
sis of this collapse. These powerful codes, com- 
plete with a state-of-the-art equation of state 
for the gas within the bubble, including plasma 
thermal conduction, provide the most rigorous 
study to date of the imploding-shock-wave 
model. These calculations are consistent with 
experimentally measured acoustic emissions 
from SBSL (22). m e r e  are still some incom- 
plete areas; for example, mass diffusion is not 
included, nor is heat transfer before ionization, 
a phenomenon that Szeri (23) believes is very 
important.] Moss et al. find that when nitrogen 
is examined as the gas contained within the 
bubble, the hot gas looks a bit like our own sun. 
Even though the temperature of the gas con- 
tained within the imploded core of the gas is 
near a million degrees, there is considerable 
opacity seen by the photons, and the spectrum 
is determined mostly by the surface of the core, 
which is only a cool 90,000°C. When they 
compare their emission intensity of nitrogen 
with the measured spectrum of air; they find 
that their calculated intensity is a factor of 
about 25 times too small, but it agrees with the 
experimental data for N2 SBSL. If they assume 
that the gas is really argon, then they get about 
the right answer! Thus, the calculations of 

Moss et al. would support the theory of 
Lohse et al. (21 ) who assumed that the 
air is quickly replaced by argon. 

An interesting observation of Moss 
et al. is that a small increase in the 
value of the maximum radius results in 
a large increase in the temperature of 
the imploded gas, a result that seems to 
have some experimental confirmation 
(24). Because it has already been dem- 
onstrated that small changes in the 
driving wave form can "boost" the in- 
tensity of sonoluminescence (25), and 
because the calculations of Moss et al. 
suggest that the temperature within 
the interior of the imploded core may 
already be near a million degrees, it 
poses the exciting possibility that ways 
of boosting the maximum radius sig- 
nificantly might lead to thermonuclear 

fusion within the bubble (26). 
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