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Experimental microwave radiometry of a sonoluminescing bubble
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Department of Physics and Astronomy and National Center for Physical Acoustics, University of Mississippi,
University, Mississippi 38677
~Received 12 October 1998!

In spite of substantial research in single-bubble sonoluminescence this decade, the electromagnetic emission
mechanism is still not sufficiently understood. Current models of the mechanism are based on experimentally
measured spectra in the visible and near-visible region. An experimental arrangement used to measure the
microwaveemission is described. For a xenon-doped bubble, which emits the greatest amount of light, no
microwave radiation is observed at or above the minimum detectable power of the apparatus, which corre-
sponds to a bubble radiating approximately 1 nW in a 1-GHz bandwidth at 2 GHz. Any theory of single-bubble
sonoluminescence when extended to the microwave region must be consistent with this upper limit for the
radiation.@S1063-651X~99!05002-3#

PACS number~s!: 78.60.Mq, 52.70.Gw, 33.20.Bx, 84.40.2x
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Analytical models that have been proposed to account
single-bubble sonoluminescence~SL! include thermal
bremsstrahlung@1#, thermal blackbody radiation@2#, Casimir
light @3,4#, and collision-induced emission@5#. Each of these
theories contains different assumptions about the bubb
temperature, pressure, and ionization. When these the
are fit to an observed spectrum in the visible and near-vis
region, substantial differences in the predicted powers
expected far from this region, due to the fundamentally d
ferent nature of the theories. To our knowledge, none
these theoretical extensions has been established, and n
periments outside the visible and near-visible region h
been reported.

The attenuation of electromagnetic radiation by water@6#
permits a small window corresponding to visible and ne
visible frequencies to reach a SL detector. Most of the e
tromagnetic spectrum remains hidden to the experime
except for frequencies in and below the microwave reg
109– 1010 Hz, or for frequencies above 1018 Hz. For ex-
ample, regarding a possible measurement in the infrared
gion 1011– 1014 Hz, the exponential attenuation coefficient
in the range 102– 104 cm21. Such strong attenuation woul
require one to probe the radiation at distances shorter
100mm from the bubble, which cannot yet readily be acco
plished because placing an object closer than 1 mm from
bubble destroys the bubble’s stability. For frequencies hig
than visible the attenuation coefficient is still very large w
an extinction length on the order of amm. Even for soft x-ray
photon energies of 1 keV~ 1017 Hz!, the extinction length is
a fraction of a millimeter and thus does not lend itself
measurement. These facts led us to consider an experi
in the microwave part of the spectrum.
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Figure 1 shows the exponential attenuation coefficien
water as a function of frequency in the microwave regio
The coefficient was computed from a semiempirical form
developed to characterize the frequency dependence o
complex dielectric constant of water@7#. The attenuation for
1 GHz at room temperature is sufficiently small to permit 7
of the radiated microwave power to reach an antenna wi
cross section 1 cm2 at a distance of 1 cm from the bubble. I
contrast, at 10 GHz the antenna will receive only 431026 of
the radiated power.

We experimentally explored the frequency range of 0
GHz centered at 2.0 GHz. Because the index of refraction
water is 9.0 at 2.0 GHz@6#, the center frequency correspond
to wavelength 1.7 cm in water. The SL cell@Fig. 2~a!# con-
sisted of a rectangular plastic container@8#, with inner di-
mensions 5.335.3 cm2 and height 12.3 cm. The water had
height 9.8 cm, and was directly driven by a shielded ult
sonic horn. The cell rested on a piece of styrofoam so th
nodal pressure boundary condition existed on the bottom
well as the other boundaries@8#. A sonoluminescing bubble
was created near a pressure antinode of the~1,1,3! mode,
which was resonantly driven at 28 kHz.
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FIG. 1. Attenuation coefficienta of microwave radiation in wa-

ter as a function of frequency for various temperatures. The in
sity of a plane wave attenuates with distancex ase2ax.
1781 ©1999 The American Physical Society
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The radiometer we built to measure microwave emissi
consisted of a solid brass full-wavelength biconical dip
antenna@Fig. 2~a!# that was fed through a thin semirigi
coaxial cable to a cascade of low-noise microwave amp
ers. The biconical geometry provides the flattest impeda
response over the desired frequency range@9#. The antenna
had a full length of 2.0 cm, with a 20° conical half-angle, a
was positioned in the water approximately 2.0 cm from

FIG. 2. Schematic diagrams of~a! a rectangular SL cell with
driving horn and radiometer antenna, where the transmission
tenna on the right is essentially identical to the receiver antenn
the left, and where the dashed line refers to a Faraday cage;~b! the
arrangement for the gated integrator measurement; and~c! the ar-
rangement for the sampling oscilloscope measurement.
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bubble. The output of the first stage amplifier, which had
gain of 23 dB, was fed to an additional cascade of one or
amplifiers to provide an overall gain of 51 or 76 dB depen
ing upon the method of detection~see below!. Juxtaposed to
the cell was a shielded photomultiplier tube~PMT!, which
provided a trigger to precisely identify the occurrence o
SL emission.

The above apparatus were housed in a Faraday cage m
of 3-mm-thick aluminum sheets that were welded togeth
The cage had dimensions 60390 cm2, and height 60 cm. To
prevent unwanted external microwave noise from enter
the system, we sealed the access door with rf-shielded s
ping, and secured the door with heavy spring-loaded latc
We also buffered the acoustical inputs to the cell with dou
rf-attenuating (‘‘T’ ’) filters.

The dominant source of noise in the system was the
ternal noise of the first stage amplifier. The noise power
an amplifier is given in terms of an effective noise tempe
tureTeff asP5kTeffDf, wherek is Boltzmann’s constant and
D f is the bandwidth@10#. In our case the effective nois
temperature wasTeff5120 K and the bandwidth wasD f
50.7 GHz, which resulted in a front end noise power ofP
51.2 pW. It is this noise power with which the receive
power coupled from the antenna competes. Additional a
plifiers had a negligible contribution to the overall syste
noise because the effective noise temperatures add asTtotal
5T11T2 /G11T3 /G1G21•••, where Tn and Gn are the
noise temperature and gain of thenth stage@10#.

The amount of power coupled from the radiation field in
the first-stage amplifier is a function of the antenna geome
and the impedance match of the antenna feed to the tr
mission line into the amplifier. The amount of power th
antenna couples from the radiation far field is specified
the effective aperture areaAem. The coupled power isAemS,
where the magnitude of the Poynting vector isS
5e2ar Pbubble/4pr 2, wherea is the attenuation coefficient,r
is the distance from the bubble to the antenna, andPbubble is
the power that the bubble emits in the bandwidth of t
amplifier cascade. The effective aperture in our case is
culated@11# to be Aem54lp3, wherel is the wavelength.
The power coupled into the antenna is then

Pantenna5e2ar
4l2

p3

Pbubble

4pr 2 . ~1!

From Fig. 1, forf 52.0 GHz and room temperature, the a
tenuation coefficient isa50.80 cm21. For the distancer
52.0 cm from the bubble to the antenna, which is in the
field due to the smallness of the bubble@11#, and for the
wavelengthl51.7 cm, Eq.~1! yields a received power effi
ciency of Pantenna/Pbubble51.531023. This is further re-
duced by a polarization loss of1

2, as well as an impedanc
mismatch efficiency between the antenna and first-stage
plifier, which was determined to be 0.30 from the value
the reflection coefficient directly measured with a netwo
analyzer. The power efficiency into the amplifier cascade
thenPfeed/Pbubble52.231024.

Two alternative methods were employed to measure
signal from the amplifier cascade. In the first method@Fig.
2~b!#, the signal from the amplifier cascade with gain 76 d
was fed to a tunnel diode detector whose output was buffe
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through a high impedance amplifier and sent through a d
of approximately 100 ns into a gated integrator. The ga
integrator was triggered as follows. The output of the PM
was sent into a discriminator module. In order to differen
the SL signal from the background, we employed two o
puts A and B from the discriminator module, whereB was
delayed 100 ns relative toA. The timing ofA was such that
the gated integrator was triggered 5 ns before the buffe
diode signal arrived. The baseline subtract feature of
gated integrator was employed. In this mode of operation
gated integrator, when triggered byA, would integrate for 20
ns during which a SL signal was present. On the next aco
tical cycle the gated integrator was triggered byB, and the
integration window was delayed 100 ns after the SL sig
had passed. This baseline value was subtracted from the
vious value of the signal plus baseline, and the result w
forwarded to an exponential summer whose output was
corded on digital strip chart~Stanford Research System
model 850 lock-in amplifier!. Averaging over roughly
2.03103 s was then performed to yield the ultimate sensit
ity.

In the second method@Fig. 2~c!# to measure the micro
wave power, we employed a sampling oscilloscope with
cosecond resolution~Hewlett-Packard model 54750A high
bandwidth digitizing oscilloscope! to sample the microwave
signal repetitively directly from the amplifier cascade. T
voltage of the signal was measured once per SL flash w
respect to a stable trigger, where the sample time was
cessively incremented relative to the trigger time. Beca
this technique allows only one sample to be made for e
trigger, the result does not allow a direct temporal ser
wave form to be created of any particular SL flash. Howev
this limitation is of no consequence here, because the mi
wave signal is a noise fluctuation and not a repetitive w
form. In order to provide a stable trigger to the digitizer, t
buffered output from the PMT was used. The microwa
signal was sent through a 75-ns delay in order to allow
the internal delay of the sampling oscilloscope~22 ns! and
the collective delay of the buffer amplifier and discriminat
~52 ns!. For this arrangement, the amplifier cascade ha

FIG. 3. Gated-integrator output of the SL microwave radiome
with a xenon-doped bubble:~a! SL on,~b! ambient reading with SL
off, and~c! calibration noise source on. The noise shifts the aver
output negative. The calibration noise power corresponds to
times the minimum value established by averaging.
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gain of 51 dB rather than 76 dB, in order to avoid overloa
ing the input of the sampling oscilloscope.

A pulsed noise system@Fig. 2~a!# was used to calibrate
the sensitivity of the radiometer. The system contained
microwave noise source and a fast microwave diode swi
and was housed in a small aluminum enclosure inside
Faraday cage. The source consisted of two cascaded am
fiers with the input of the first grounded. The output was f
into the switch and then passed through the aluminum en
sure to a biconical dipole transmission antenna which w
identical to the receiver antenna described above. The tr
mission antenna was placed inside the cell opposite the
ceiver antenna. The noise switch was normally in the
position, which provided 30 dB of attenuation between t
transmission antenna and the noise source. The amou
noise power transmitted from this source was controlled
placing a series of attenuators between the output of the
closure and the feed of the transmission antenna. The sw
was activated by a short negative pulse of approximate
ration 8 ns from a fast pulse generator. To trigger the PM
this pulse also fired a light-emitting diode that was moun
to the top of the aluminum enclosure. Because the di
detector had a relatively long relaxation time, there wa
negligible difference in the output voltage when it was ac
vated by the 8-ns calibration noise pulse or the 50–380
SL pulse.

We determined the minimum detectable power of the s
tem as follows. With the diode detector and the gated in
grator ~first method described above!, the power of the cali-

r

e
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FIG. 4. Data with the sampling oscilloscope:~a! calibration
noise source, which corresponds to 3.0 times the minimum de
able power; and~b! data for SL emission from a xenon-dope
bubble, which show no signal in the ambient noise on a time sc
of 50 ps or more.
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1784 PRE 59KORDOMENOS, BERNARD, AND DENARDO
brating noise was increased from zero until this noise
became apparent in the ambient noise. Figure 3~c! shows
noise calibration data corresponding to 3.0 times the m
mum detectable power. We set an upper limit on the co
sponding amount of microwave power radiated into the c
by measuring the output power at the noise source wit
calibrated power meter with the noise source held on c
tinuously, and then accounting for the attenuators. T
amount of power the radiometer received was measured
similar fashion by connecting the power meter directly to
output of the amplifier cascade with the noise source ag
held on continuously, and with a series of attenuators
tween the noise source and the calibration antenna. The
diated power of the calibrating transmission antenna ha
duration of 8 ns at a power level of 2 nW in the bandwidth
the detector. This set a minimum detectable power rece
by the antenna to be approximatelyPantenna52.0 pW. By
comparison, this minimum detectable power is three ord
of magnitude greater than that of COBE~Cosmic Back-
ground Explorer! after extensive and sophisticated data p
cessing techniques were employed@12#. From Eq.~1!, the
corresponding upper limit to the minimum detectable pow
of the bubble wasPbubble51.3 nW, which corresponds t
approximately 105 photons for a 100-ps emission time, an
to roughly one photon emission per gas atom in the bub
per SL flash.

The minimum detectable power of the bubble for the sa
pling oscilloscope measurement method was 20 nW. Fig
4~a! shows noise calibration data corresponding to 3.0 tim
the minimum detectable power. The radiated power of
calibrating transmission antenna had a duration of 8 ns
power level of 6 nW in the bandwidth of the detector. Figu
4~a! shows the average of four samples taken with the no
source on, and differenced from a sample taken with
hy
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noise source off. It is clear from this figure that a resoluti
of less than 1 ns is possible.

Results obtained from both air and 2% xenon-dop
bubbles with the gated integrator measurement method s
no evidence of microwave emission at or above the m
mum detectable power ofPbubble51.3 nW. Xenon was used
because it is observed to yield the greatest optical emiss
exceeding the emission of an air bubble by a factor of
Figure 3 shows the results of a gated integrator meas
ment. The average voltage of the signal for xenon with
SL present was 0.20360.388 V, and the average with no S
was 0.17860.380 V, while the average with a transmitte
noise pulse at 3.0 times the minimum sensitivity was20.471
60.397 V. Figure 4~b! shows results of a sampling oscillo
scope measurement for a xenon-doped SL bubble. The m
surements made with the sampling oscilloscope show
evidence of microwave emission at or above the minim
detectable power ofPbubble520 nW.

The quest to understand sonoluminescence is not lim
to emission in the visible and near-visible regions, but e
tends to the entire electromagnetic spectrum. Due to the
sorptive properties of water, it is natural also to consider
microwave region. We have experimentally established
upper limit of the microwave power radiating by a bubble
be 1.3 nW in a 0.7-GHz band centered at 2.0 GHz. A
emission theory must be consistent with this observation
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