1868

the lack of a solvent connection. Instead, a
proton is taken up from HisY!%° to O, and
then menaquinol is released to the membrane.
(iv) The deprotonated HisY!®® is very unsta-
ble, and this is immediately protonated
through an extended water channel to HisY!®
after the release of menaquionol.

Proton motive force generation mech-
anism in the Fdh-N/Nar system. The
Fdh-N structure, in combination of the Nar
topology information, demonstrates that
Fdh-N and Nar can form a redox loop where
p.m.f. generation is best described as the sum
of the following two effects (Fig. 1). (i) Two
protons, which are taken up from the cyto-
plasm at the Fdh-N menaquinone reduction
site, are translocated across the membrane
and released to the periplasm from the mena-
quinol oxidation site in Nar. (i) Two elec-
trons are transferred from the formate oxida-
tion site in periplasm to the NO, ™ reduction
site in cytoplasm. This is not accompanied by
an actual proton translocation across the
membrane but generates a membrane poten-
tial, which is equivalent to 2H™* translocation
across the membrane. The result is consistent
with the measured ratio of proton transloca-
tion to electron transfer in this system (6).
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Evidence for Nuclear Emissions

During Acoustic Cavitation

R. P. Taleyarkhan,'* C. D. West,' J. S. Cho,2 R. T. Lahey Jr.,2
R. I. Nigmatulin,* R. C. Block®f

In cavitation experiments with deuterated acetone, tritium decay activity above
background levels was detected. In addition, evidence for neutron emission near
2.5 million electron volts was also observed, as would be expected for deute-
rium-deuterium fusion. Control experiments with normal acetone did not result
in tritium activity or neutron emissions. Hydrodynamic shock code simulations
supported the observed data and indicated highly compressed, hot (10° to 107
kelvin) bubble implosion conditions, as required for nuclear fusion reactions.

The intense implosive collapse of gas or va-
por bubbles, including acoustically forced
cavitation bubbles, can lead to ultrahigh com-
pressions and temperatures and to the gener-
ation of light flashes attributed to sonolumi-
nescence (SL) (/-27). Our aim was to study
ultrahigh compression and temperatures in
bubbles nucleated by means of fast neutrons,
whereby bubble nucleation centers with an
initial radius R, of ~10 to 100 nm are creat-
ed, and the bubbles grow in an acoustic field
to a maximum radius (R_) of ~ 1 mm (/9)
before an implosive collapse. This approach
builds on the observations that (/7) increas-
ing R, modestly (for example, by ~50%), or
increasing the rate of collapse (/6), can result
in very large increases in peak gas tempera-
tures and produce light emission during im-
plosions. In contrast to single-bubble SL ex-
periments, in which the initial bubble radius
R, typically increases to R by a factor of
only ~10 (for example, from ~10 pum to
~100 pm), our neutron-induced nucleation
technique results in R_/R, of ~10°. For a
spherical bubble, the increase of R_/R, by a
factor of 10* implies a related volumetric
ratio increase of 10'? over that produced by
conventional techniques. Our expectation
was that such an approach, with its vastly
increased energy concentration potential dur-
ing implosions, should give rise to significant
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37831, USA. 2Oak Ridge Associated Universities, Oak
Ridge, TN 37830, USA. 2Rensselaer Polytechnic Insti-
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Ufa—-Bashkortostan Branch of the Russian Academy of
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increases in the peak temperatures within the
imploding bubbles, possibly leading to fusion
and detectable levels of nuclear particle emis-
sions in suitable fluids.

To minimize the effect of gas cushion-
ing by promoting rapid condensation dur-
ing implosive collapse, we elected to work
with highly degassed organic liquids. An
organic liquid was chosen [normal acetone
(C3H,O) as the control fluid and deuterated
acetone (C,D,0) as the test fluid] because
it permitted the attainment of large tensile
states without premature cavitation, and
thus a lot of liquid superheat would be
present before nucleation. Organic liquids
also have relatively large phase change co-
efficients, which is important, as described
later. Unless otherwise noted, the liquid in
the chamber was maintained at ~0°C
(which was the lowest value obtainable
with the equipment we used). The test lig-
uid was degassed and subjected to an
acoustic pressure field that oscillated in
resonance with the liquid sample and its
container. The nucleation of vapor bubbles
was initiated with fast neutrons from an
isotopic source (Pu-Be) or from a pulsed
neutron generator (PNG) that produces 14-
MeV neutrons on demand at a predefined
phase of the acoustic pressure field.

Experimental system. In the experi-
mental apparatus (Fig. 1), the test liquid was
placed in an approximately cylindrical glass
flask and driven acoustically with a lead-
zirconate-titanate (PZT) piezoelectric driver
ring attached to the outer surface. Either a
plastic or a liquid scintillation detector was
used for detection of neutron and gamma
signals (22). The light was detected and am-
plified in a photomultiplier tube (PMT). A
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liquid scintillator (LS) detector-based system
was set up for pulse-shape discrimination
(PSD) (23, 24) [see Web Supplement 1 (25)].
The PSD circuit separates neutrons from
gamma rays on the basis of differences in the
PSD scintillator signal decay time between
neutrons and gamma rays. The system could
be operated to permit blocking of gamma
rays (hereafter, a mode of operation referred
to as “with PSD”). The net efficiency for fast
neutron detection was estimated to be ~5 X
1073 (26).

In the experimental sequence of events
(Fig. 2), neutrons from the PNG nucleated
vapor bubbles in the tensioned liquid when
the cavitation threshold was exceeded at the
time of the neutron burst. The nuclear radia-
tion detector typically detected a pulse when
the PNG was fired. Thereafter, the vapor
bubbles grew until increasing pressure in the
liquid during the second half of the acoustic
cycle caused them to begin to collapse. If the
implosion was robust enough, the bubble
emitted a SL light flash, which could be
detected by the PMT. In theory, if the liquid
is composed of deuterium (D) and/or tritium
(T) atoms, and the conditions are appropriate
for D-D (or D-T) fusion, nuclear particles
(neutrons and gamma rays) would be emitted
and seen in the response from either the
plastic scintillator (PS) or LS detector. More-
over, in cavitation experiments, when a bub-
ble implodés, a pressure wave that travels at
about the speed of sound in the test liquid is
also generated and can be detected at the
chamber walls by microphones. Significant-
ly, our experiments were characterized by
bubble dynamics within clouds of many
bubbles.

Timing of key parameters. With our
configuration of the PNG and electronic tim-
ing systems, we found, by analyzing the time
spectrum of neutrons (25), that neutrons were
emitted over a time span of ~12 us [~4 to 6
ws at full width at half maximum (FWHM)],
after which neutron counts were reduced con-
siderably by 15 to 20 ws after the PNG fired
(25). We initiated the PNG burst when the
fluid tension state was greatest. For multiple-
bubble implosions, several bubbles can im-
plode and emit closely spaced SL flashes
during any given cycle.

The time between a SL flash and the
signals received at two microphones set up on
diametrically opposite sides of our chamber
was found to be ~27 ps, which is in agree-
ment with the time for a shock wave to travel
from the center of the chamber to the glass
wall (about 32 mm away). This result indi-
cates that the bubbles generally nucleated and
imploded in or around the central axis of the
test chamber (27). The efficiency of SL flash
detection was dependent on the PMT bias
voltage (which determines the gain) and the
chosen discriminator settings (29).

www.sciencemag.org SCIENCE VOL 295 8 MARCH 2002
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Our data were obtained with a PZT drive
amplitude much greater than that required for
threshold nucleation. Because of this, and
because the PNG pulse width was about 4 to
6 ps (FWHM), nucleation could occur a few
microseconds before or after the minimum
liquid pressure was reached. The timing of

Fig. 1. Schematic of
the experimental setup.
The distance from the
scintillator head to the

PNG is ~15 cm; from s

Scintillator

the SL flash relative to the PS pulse was
analyzed with a multichannel analyzer
(MCA). The PZT drive frequency was about
19.3 kHz, which corresponds to a full cycle
time of about 52 ws. The time spectrum of
events (25) confirmed that the PS flash cor-
responding to the PNG activation (lasting
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about 12 ws, with 4 to 6 us FWHM) was
followed by a SL flash (lasting about 4 to 6
ws FWHM) about 27 to 30 s later.

Experimental observations for C;H,O
and C,D.,O0. We conducted experiments
with C;H,O (100% nominally pure) and
C,D,O (certified 99.92 atom % D-acetone),
filtered before use through 1-wm filters. De-
gassing was performed by applying a low
pressure of about 10 kPa and acoustically
cavitating the liquid for about 2 hours. To
ensure continued robust nucleation growth
and implosive collapse, the drive voltage to
the PZT was set to be about double that
needed for occasional cavitation (defined
here as the occurrence of nucleation and col-
lapse within a 10-s observation period). The
negative pressure threshold for bubble nucle-
ation by neutrons and alpha particles in ace-
tone is —7 to —8 bar (20, 21). A pressure map
of the chamber was obtained by means of a
calibrated hydrophone. Using the scale factor
for induced pressures in our chambers versus
drive voltage to the PZTs, and gradually in-
creasing the drive amplitude, we determined
that the cavitation began at about —7 bar,
which is consistent with the known value (20,
21). The pressure amplitude in our chamber
was ~ *15 bar (£220 pounds per square
inch).

T detection, monitoring, and estima-
tion. The D-D fusion reaction can have one
of two outcomes that occur with almost equal
probability. The first leads to the production
of helium (He) and 2.5-MeV neutrons; the
second to the production of T and protons.
Therefore, in addition to the evidence collect-
ed for neutron or gamma ray activity, the
formation of T would provide compelling
evidence of D-D fusion.

To measure T activity, we sampled the
experimental fluid directly with a scintilla-
tion counter calibrated for detecting T (28).
Unless otherwise noted, experiments were
conducted at ~0°C using 14-MeV neutrons
generated at a rate of ~10° neutrons/s from
the PNG spread over the specified time
duration. When testing either C;H,O or
C,D,O without cavitation (that is, with ir-
radiation alone), we also used the same
experimental configuration, including plac-
ing the chamber under standard vacuum
conditions. In this way, we systematically
conducted experiments, changing only one
parameter at a time. The chamber was ini-
tially filled with C,;H,O and irradiated for 7
hours without cavitation. A 1-cm?® liquid
sample was withdrawn from fluid in the top
region in the acoustic chamber and mixed
with Ecolite and tested for T activity.
Thereafter, cavitation experiments were
performed for 7 hours. A 1-cm? sample of
C,H,O was again withdrawn and tested for
T activity. This same process was later
repeated for 12 hours.
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After verifying the absence of T activity
from the control tests with C;H O, we repeat-
ed the experiments with C,D,0. The irradi-
ation and cavitation experiments of 7 hours
duration with C;H.O and C,D,O were re-
peated several times at ~0°C. A separate test
was conducted over 5 hours, using a Pu-Be
neutron source producing ~10° neutrons/s, to
assess the influence of randomly produced
neutrons.

Tests were also conducted to assess the
impact of liquid temperature on T activity
buildup by testing with C,D,O at ~22°C
(room temperature). Finally, to assess the
impact of the time of irradiation and cavi-
tation on T buildup in C,D/O, testing was
also conducted for 12 hours with PNG ir-

radiation of ~10° neutrons/s at ~0°C.
Results of these experiments are sum-
marized in Fig. 3, which includes values of
standard deviation as well as background
count rates. The data reveal no significant
change in T activity for C;H,O with or
without cavitation and irradiation. Under
the same experimental conditions, irradia-
tion alone of C;D O samples with 14-MeV
neutrons, or with neutrons from a Pu-Be
source, did not result in any statistically
significant change in T content. In contrast,
in three separate 7-hour cavitation experi-
ments with C,D O at ~0°C and ~10° neu-
trons/s irradiation with the PNG, an aver-
age increase of 7.1 counts per minute (cpm)
resulted. Similarly, two separate 12-hour

25 ] ,
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Fig. 3. T activity changes for C;D¢O and C;HO with irradiation (Irr.} and with irradiation plus
cavitation (at 0°C). For C;D,O and C5HgO, 1 SD = ~3.5 cpm and ~2 cpm. PNG irradiation was
at ~10% neutrons/s for specified time durations. All testing was conducted under the same
configuration, placing the test cell under a vacuum of ~10 kPa.
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Fig. 4. Changes in counts for C;D,O and C;HcO with and without cavitation (Cav.). Error bars are
1 SD; data were taken over 100 s; and the percentage change in the <2.5-MeV range was found
to be similar in magnitude for 300-s data acquisition times.
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experiments produced an average increase
of 14.6 cpm, the increase being directly
proportional, within statistical counting er-
rors, to the increase in duration of the test.
Overall, cavitation of C;D,0 (at ~0°C
with ~10° neutron/s PNG irradiation) over
7 hours resulted in increases of up to ~8.1
cpm [representing an individual difference
of ~2.5 standard deviations (SD) and a
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collective change of ~4 SD], whereas cav-
itation and irradiation over 12 hours result-
ed in an average increase of ~14 cpm
(representing an individual difference of
more than 4.5 SD). Finally, cavitation of
C,D 0 (at ~22°C with ~10° neutrons/s
PNG irradiation) over 7 hours did not result
in any significant change in T activity. As
will be described later, this agrees with the

lack of SL activity at this higher tempera-
ture and is also consistent with the hydro-
dynamic shock code simulations to be dis-
cussed subsequently.

If none of the T produced reacted with D
atoms, an inverse calculation based on the
observed T activity indicates that the D-D
neutron production rate was ~ 7 X 10°
neutrons/s.

A 60 T T T T T T T B 50
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Neutron energy spectra data acquisi-
tion with PSD. We used PSD in experiments
with and without cavitation to check for neutron
production and to decipher the energy range in
which significant increases in neutron counts
occurred. Tests were conducted with the PSD
system so that only neutron counts were accept-
ed by the data acquisition system. For identical
settings, it was verified that the PNG neutron
output varied by ~ *+0.2% from measurement
to measurement. Tests, with a PNG neutron
output of ~10° neutrons/s, were conducted
with C;H,O (as the control fluid) and with
C,D,O for data acquisition times from 100 to
300 s, during which neutron counts were accu-
mulated at the rate of ~500 counts/s. Changes
in counts from the case without cavitation were
evaluated in two energy ranges. The first cov-
ered the range between the lowest energy de-
tectable and 2.5 MeV. The second was from 2.5
MeV upward (26). Representative results for
the sample with C;D,O (that is, the increase in
counts and the background counts) are shown
in Fig. 4 for observations over 100 s in the two
energy ranges. As shown, we observed a 4%
increase in 2.5-MeV neutrons in these samples
after the onset of cavitation. The variation in
counts for the control liquid (C,H,O) was with-
in ~0.2% in both energy ranges. These data
were repeatable for 300-s acquisition times.

Assuming Poisson statistics, 1 SD from a
total population count varying from 50,000 to
150,000 ranges from ~0.4 to 0.25%. Therefore,
a ~4% change in counts for a case with cavi-
tation is a significant increase of ~4 SD above
background. Because the data were repeatable,
when taken as an aggregate, the average ~4%
increase in counts represents a statistically sig-
nificant change of >10 SD above background.
For a ~4% increase in the case of C,D,O with
cavitation (in the 2.5-MeV range), and using a
distance-corrected detector efficiency (26), we
estimate that the D-D neutron emission rate
associated with cavitation was ~4 X 10%to 8 X
10* neutrons/s. This value is somewhat smaller
than the estimated rate of neutron generation
from the T measurements (~7 X 10° neutrons/
s). At least part of this difference can be attrib-
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uted to uncertainties in detector efficiency, such
as neutron energy losses by scattering in the test
chamber or reduced detection efficiency for
large-angle knock-ons from 2.5-MeV neutrons
(25). There could also have been a nonuniform
T distribution in the chamber after the cavita-
tion experiments.

Coincidence data acquisition. We also
looked at the coincidence between the SL and
PS/LS pulses. Coincidence spectra were ob-
tained by direct visual observations and man-
ual recording of the individual coincidence
signals on a digital storage oscilloscope trig-
gered by the SL signal. Two different data
acquisition modes (29) were tested. For mode
1 operation, at a low bias voltage for the
PMT, it was conclusively determined that no
false SL activity occurred during PNG oper-
ation, and that coincidence between SL and
scintillator signals repeatedly took place for
cavitated C;D,O at ~0°C but not for the
control liquid. An example of data traces for
tests with C;D,O showing coincidence be-
tween the SL flash and the scintillator pulse,
and the subsequent microphone response, is
shown in Fig. 5A. No such coincidence, fol-
lowed by microphone traces, was seen for
tests with the control liquid C,H,O. Howev-
er, data acquisition with this mode of opera-
tion was slow, because many genuine SL
signals were rejected as well. In the second
mode of operation (mode 2), the bias voltage
to the PMT was increased, resulting in some
spurious SL signals generated during PNG
operation (25, 29). However, this effect was
easily accommodated by taking data with and
without cavitation, leaving all other parame-
ters the same, and then subtracting the coin-
cidence data taken without cavitation from
those taken with cavitation. Figure 5B dis-
plays typical coincidence data spectra taken
in mode 2 of operation with C;D,O and
C,H,O (30). Figure 5, C and D, display the
actual counts with cavitation and background
counts with PNG operation only. Data gath-
ered in this mode were binned in 2-ps bins
before and after the PMT signal. The exper-
iments were repeated several times, with sim-

ilar results. Coincidence data taken for each
time bin were obtained with and without
cavitation (keeping the PNG on in both cas-
es). Counts taken without cavitation (that is,
those that occurred during PNG operation,
which were all random or false) were sub-
tracted from counts taken with cavitation
over the same recording interval. Only for
tests with C;D,O at ~0°C, a sharp peak in
net coincidences occurred in the 0- to 2-ps
interval on either side of the PMT (SL) sig-
nal, after which the coincidence events ta-
pered off to within 1 SD (29). No such peak-
ing of coincidences was seen for the control
fluid (C,H,0). Similar data for C,D,O were
obtained at ~19° and ~21°C. At these tem-
peratures, there was more evaporation and
less condensation; as a result, the bubble
collapse was less intense, and the number of
coincidences was sharply reduced, as seen in
Fig. 5B. The influence of random coincidenc-
es between SL and scintillator flash signals in
the region of bubble collapse was estimated
to be insignificant (30).

Results obtained with C,D,O, using
MCA time spectrum data (Fig. 5E) and two
different modes of data acquisition, show
that PS or LS signals detecting penetrating
nuclear radiation were coincident with the
PMT signals detecting SL light emission
during bubble implosion. Such data were
not seen in the control tests with C;H O.

Measurement of 2.5-MeV neutrons in this
environment is difficult because of the back-
ground of 14-MeV pulsed neutrons and asso-
ciated gamma rays from the PNG. Indepen-
dent attempts to reproduce the neutron data
using a different detection system and elec-
tronics yielded smaller neutron emission and
no evidence for real coincidences between
SL and neutron events (37). Indeed, in this
independent experiment, the analysis of the
singles count rates indicated that the coin-
cidences observed may be random in na-
ture. Additional analysis was done (32), but
further measurements are required to un-
derstand the difference between these two
sets of observations.

The analysis of bubble implosion. To
obtain an estimate of the implosive collapse
conditions and to help understand the ob-
served experimental data trends, we devel-
oped a one-dimensional hydrodynamic shock
(HYDRO) code [see Web Supplement 2 (25)]
to numerically evaluate the conservation
equations of each phase during bubble
growth and collapse. This code includes the
Mie-Gruniesen equations of state (33) and
Born-Mayer potential functions (33). which
are known to be valid for highly compressed
fluids (34). In particular, for acetone these
equations of state are based on the shock
wave adiabat data of Trunin et al. (35), and
they implicitly specify the effect of the in-
duced radiation field and the dissociation and

Fig. 6. Predicted varia- 7x108 T T T T
tion of implosion gas
temperatures with lig- 6x1081 4
uid pool temperature
and phase change coef- T 5,406 4
ficient. Implosion gas 5
temperatures are quot-  § . sl
ed for radial locations g 7
close to, but not at, the @ o
center of the bubble g X0 7
and correspond to the 3
location where neutron & 21 0% -
production is a maxi- —
mum [Web supple- 1x10% s
ment 2 (25)]. The gas
temperatures at the 0 L 1
centerline can be much 250 260 270 280 290 300
higher. Liquid Temperature (K)
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ionization processes that take place during
plasma formation within imploding bubbles.
Moreover, relevant energy losses and the ef-
fect of both molecular and electron/ion con-
ductivity were taken into account, and the
resultant HYDRO code [see Web Supple-
ment 2 (25)] allowed for the evaluation of
shock wave interaction using the well-estab-
lished Godunov numerical technique.

Bubble dynamics were studied in C,D,O
for conditions typical of those in our experi-
ments. It was found that highly compressed
conditions suitable for thermonuclear fusion
were predicted, and, as can be seen in Fig. 6,
the results were sensitive to the values of the
phase change (that is, accommodation) coef-
ficient, o, and the liquid pool temperature T,.
The reason why there is a strong sensitivity to
T, is that at low temperatures there is less
evaporation and more condensation of the
vapor during bubble expansion and compres-
sion, respectively, which in turn reduces the
cushioning effect of the compressed vapor
during implosions. Similarly, larger values of
o yield more condensation and thus more
intense vapor compression. Interestingly, it is
difficult to expose water (as opposed to or-
ganic fluids such as acetone) to large under-
pressures without having premature cavita-
tion. Moreover, D,O has a relatively low
value (36-38) of a (~0.075) as compared to
C,D,0, for which a ~ 1.0 (39). Thus,
C,DO appears to be a better test fluid than
heavy water.

To obtain an estimate of the D-D fusion
neutron production rate, we may evaluate the
fusion neutron kinetics equations and fusion
cross sections (40, 41) over a range of uncer-
tain parameters to arrive at reasonable esti-
mates for the neutron production rate, vary-
ing from ~107? to 10 neutrons per implosion
[see Web supplement 2 (25)]. Direct photo-
graphic evidence of the bubble clusters sug-
gests that there were about 1000 bubbles in
each bubble cluster in our experiments. Since
up to 50 implosions/s were observed during
our experiments, the HYDRO code (25, 42)
predictions yielded neutron production rates
ranging from about 10° to 10° neutrons/s,
which is qualitatively consistent with the es-
timates from the T production rate, and the
fusion neutrons measured in our experiments,

Many modeling assumptions were neces-
sarily made in the HYDRO code, such as the
equations of state, the use of an effective
temperature to approximate the behavior of
the electrons and ions in the plasma [Web
supplement 2 (25)], the relevant energy loss-
es, and various mechanisms for shock wave
intensification (43, 44). In particular, a
roughly 10-fold increase in the external driv-
ing pressure was used in the calculations (25,
42) to appropriately account for the effect of
pressure intensification within the imploding
bubble clusters. More realistic plasma phys-
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ics, nuclear physics, and thermal-hydraulic
models can and should be developed for fu-
ture applications. Nevertheless, the predicted
trends and basic physical phenomena that
have been modeled agree with our experi-
mental observations.

The observation of statistically significant
T activity increases only in chilled (~0°C)
cavitated C,D,0, coupled with evidence for
neutron emissions in chilled cavitated
C,D0, and the absence of neutron emissions
and T production in irradiated control tests
with C;H,O, complemented by confirmatory
modeling and HYDRO code simulations,
suggest the possibility of D-D fusion during
acoustic cavitation experiments with C;D,O
(45).
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