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Additional evidence of nuclear emissions during acoustic cavitation
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Time spectra of neutron and sonoluminescence emissions were measured in cavitation experiments with
chilled deuterated acetone. Statistically significant neutron and gamma ray emissions were measured with a
calibrated liquid-scintillation detector, and sonoluminescence emissions were measured with a photomultiplier
tube. The neutron and sonoluminescence emissions were found to be time correlated over the time of signifi-
cant bubble cluster dynamics. The neutron emission energy was less than 2.5 MeV and the neutron emission
rate was up to~4x 10° n/s. Measurements of tritium production were also performed and these data implied
a neutron emission rate due to D-D fusion which agreed with what was measured. In contrast, control experi-
ments using normal acetone did not result in statistically significant tritium activity, or neutron or gamma ray

emissions.
DOI: 10.1103/PhysReVvE.69.036109 PACS nunt)er89.90+n
INTRODUCTION formed. Our aim was to study the ultrahigh compression ef-

fects and temperatures in vapor bubbles nucleated in highly

The intense implosive collapse of bubbles, includingtensioned liquids by means of fast neutrons, whereby the
acoustic cavitation bubbles, can lead to extremely high combubble radius increases from an initial radiiy) of tens of
pressions and temperatures, and to the generation of ligi@nometers to a maximum radiuR) in the millimeter
flashes attributed to sonoluminescer(&). The modeling range. This results in a related volumetric expansion ratio
and analyses of the basic physical phenomena associatédnich is huge[1] compared to that obtainable in conven-
with such a process have been discussed elsewgmnd tional SL experiments(where R,~10R;). Such an ap-
the key phenomena are depicted schematically in Fig. 1. Fig-

ure X(a@) shows the start of bubble implosion, during the com-

pression phase of the impressed acoustic pressure field, whe

the gas/vapor Mach number is much less than unity. As the

interfacial Mach number approaches unity a compression

shock wave is formed in the gas/vapor mixture and, as —
(@)

shown schematically in Fig.(h), this shock wavedashed RO=Ruin
line) moves toward the center of the bubble and, in doing so,

intensifies. Figure (£) shows the situation just after the )

shock wave has bounced off itself at the center of the bubble  start of the Bubbte mplosion

which highly compresses and heats a small core region nea (Mach No- <D

the center of the bubble. At this point we normally have a SL

light pulse, and if we have a suitable.g., deuteratediquid

in which the bubble temperatures, density and their duration
are large enough, we may also have conditions suitable fol
nuclear emissiongi.e., nuclear fusion Interestingly, these 0.
. . . . . . nset o]
emissions and the pressurization process continue until ¢ Bubble Expansion
(b)

short time later when the interface comes to fasste Fig.

1(d)]. Figure 1e) shows the onset of bubble expansion dur- ]

ing the rarefaction phase of the impressed acoustic pressur " gvaeh No.ot)

field, and Fig. If) shows that a relatively weak shock wave

is formed in the liquid surrounding the bubble during bubble

expansion. As will be described later, for sufficiently violent

implosions of relatively large bubbles this shock wave is wave ok
normally heard by the experimenters after it reaches the wall

of the test section in which the experiment is being per- uwers

Light Output

()
Shock-Induced

. . . S‘g::;lﬁ::‘;:e:isei:::; ¢ Shock Wa\g) Formation
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proach, with its vastly increased energy concentration potersion, the bubble cloud may undergo periodic growth and
tial during implosions, gives rise to very much higher peakenergetic collapses at the 19.3 kHz frequency of the forcing
temperatures and densities within the imploding bubblesacoustic pressure field. This process is repeated until the
possibly leading to DD fusion and detectable levels ofbubbles condense, and there can be neutron and gamma ray
nuclear particle emissions in suitable deuterated liquids. Inemissions during the subsequent implosions, however, the
deed, we have previously presented eviddidddor neutron  yield can differ from that during the initial implosion. Shown
emission and tritium production during cavitation experi-in Fig. 2(d) are typical photographic images of bubble clouds
ments with chilled deuterated acetone. taken 1 ms apart in acetone at3 °C. It is seen that the
Comments receivel®-6] on the previously published re- bubble clouds persist in the pressure antinode of the test
sults [1] suggested the need for improved instrumentatiorsection for ~5 ms prior to condensing, and reach bubble
and data gathering; for enhancing our understanding of theloud sizes in the range of 6 mm in diameter.
timing and rates of neutron and gamma ray emission activity; The liquid was first degassed, as reported on previously
for improving the efficiency for the detection of neutron [1], by acoustically cavitating the liquid under vacuum
emissions during bubble implosions; and for addressing th¢~ 10 kPa) with neutrons for-2 h. This process is impor-
potential for significant chemical effects from cavitation in tant since gassy vapor bubbles do not exhibit the desired
the tritium measurements. Specifically, in the data presentegitense implosive collapse characteristics as clearly evi-
previously[1], time spectra were obtained only for the pe- genced from shock traces measured by microphone signals.
riod corresponding to the first implosion of the nucleatedspsequent to degassing the liquid, the PNG was operated at
bubbles. In this paper, we report results of investigations_ong Hz (j.e., at a rate 100 times smaller than the acoustic

using improved and additional instrumentation. These addidriving frequency during which neutrons were emitted over
tional data fully support our previous results and providea time span of-15 us [~6—7 us full width at half maxi-

complementary evidence of nuclear emissions from cavitat- I .
ing chilled deuterated acetone that are indicative Ofmum (FWHM)]. The PNG burst was initiated when the lig

. : : uid tension was greate§te., at— 15 bar). For these condi-
deuterium-deuteriuntDD) fusion. : ' .
nDD) tions a bubble cloud was formed and rapidly expanded.
Later, when the impressed acoustic pressure increases, it im-
ploded emitting a burst of closely spaced SL flashes over an
EXPERIMENTAL SYSTEM . . .
SYS ~15-20us time interval(each of~5 ms duration

The experimental test apparafsg. 2@)] was kept simi-
lar to that used for the results reported previoddly The
test liquid was placed in an approximately cylindrical Pyrex LIQUID SCINTILLATION (LS) DETECTOR
glass test section and driven acoustically with a lead- CALIBRATION
zirconate-titanat€éPZT) piezoelectric driver ring attached to
the outside surface of the test section. This induced an acous- -, calibration of the response of the LS detector was

tic standing wave in the test section with a pressure antinodg |4 cted using gamma rays from Cs-137 and Co-60

gc‘;g‘ﬁl';ugtee;ivigsbzgtp‘une}grl'qlljj'g es_g';];Hgtod'(ilgfr)irg;aﬁoﬁources, 14 MeV neutrons from a PNG, and emissions from
y b P b a plutonium-beryllium(Pu-Be isotope source. The results of

(PSD), and was used for the detection of neutron and gamma " alibrations are shown in FigaB The pulse height

ray signals with the instrumentation shown in Figb)2 As
co):npgred to the data acquisition system used egnlﬂelhe spectra for Cs-137 and Co-60 are also shown on a stretched
scale in the lower plot; a relatively sharp Compton edge

new system[7] includes fast multichannel scalingCS) X
capability that could be used to obtain time spectra of thé€sults from the monoenergetic 0.67 MeV gamma ray
neutron and SL signals over the entire time span of experiemission from Cs-137, whereas, a somewhat broader edge
pulse height mode, was used to obtain pulse height data witfleV gamma rays. Note also that the Pu-Be source exhibited
and without gating, and also for gating of gamma ray signalsthe well-known 4.4 MeV Compton edge associated with the
In the experimentally observed sequence of evehis. deexcitation*’C* gamma ray. The pulse height response of
2(c)], neutrons from a pulse neutron generdNG) nucle- the LS detector matched the well accepted light output for
ated bubbles in the tensioned liquid when the cavitatiorEJ-301/NE-213 type detectof8,9]. The ~2.5 MeV proton
threshold was exceeded at the time of the PNG neutron burstecoil edge is knowi10] to lie between the Compton edges
Thereafter, the vapor bubbles grew until increasing pressurr gamma rays from Cs-137 and Co-60. Moreover, the ratio
in the liquid during the second half of the acoustic cycleof light output for 14 MeV neutrons to that for 2.5 MeV
caused them to collapse. If the collapse was robust enougheutrons was found to be 11.7 as expectefl0]. Using a
(i.e., an implosion occurrgdthe bubble emitted a SL flash Pu-Be source with a known neutron emission rate, the net
which was detected by a photomultiplier tu@MT) [7]. If efficiency for the detection of fagmainly <4 MeV) neu-
the vapor contains sufficient deuteriuf@) atoms, and the trons was estimatefll1] to be ~6x 10~ . Figure 3b) dis-
conditions are appropriate for DD fusion, nuclear particlesplays time spectra of gamma and neutron signals with and
(neutrons and gamma raywould be emitted and seen in the without pulse shape discriminatig®SD. For PSD the dis-
response of the LS detector. Subsequent to the first implceriminator settings were chosen to reject more than 95% of
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FIG. 2. (a) Schematic arrangement of test chamber and key compofi¢otss:(1) All dimensions are in cm{2) acronyms: LSliquid
scintillation detector, PNG (pulse neutron generajoPMT (photomultiplier tube for SL detection(3) borated shield blocks, furniture, etc.
not shown. (b) Sample layout of electronic components for pulse-shape discrimination and time spectra data acdaojsliime. sequence
of events.(*) Full width at half maximumj**) can continue for several cyclé® ~5 ms at 0 °C) (d) Images of bubble cloud nucleation
to collapse for tests with ££;0 (3 °C). (Images taken at rate of 1000 frames per second and 1/2000 second shutter speed.

the gamma rays. As expectg®], the fractional counts asso- EXPERIMENTAL OBSERVATIONS FOR

ciated with the gamma rays was found to b&5% of the C3HsO AND C3D60

total counts in the time spectrum for the Pu-Be source. In e conducted experiments with standard acetogelgO
addition, the LS detector was carefully calibrated with mo-(100 atom% purg and deuterated acetone; @O (certified
noenergetic neutrons at the RPI LINAC, and these calibragg.92 atom% D-acetonefiltered before use through gm
tions agreed very well with thén situ ORNL calibrations filters. Degassing and other aspects of the forcing pressure
discussed above. amplitude were kept the same as for the conditions reported
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FIG. 3. (a) LS detector pulse height spectth) Time-spectra data with and without PSD for Pu-Be source, Co-60 monoenergetic gamma
source, and background. For Pu-Be source the gamma ray fractied(%o of the total counts obtained.

previously[1]. The pressure amplitude at the acoustic presPNG, are well separated from the signals during subsequent
sure antinode in our test section was maintained at a nomina&vents all the way to 5000s, which is just before the next

value of ~ +/—15 bar. PNG trigger pulse was transmitted. It was verified that, for
identical settings without cavitation, the collective PNG neu-
NEUTRON AND SL SPECTRA DATA ACQUISITION tron output of counts over 50 s duration was stable and var-

ied by only~+/—1% from measurement to measurement.

We used well-established pulse shape discriminatiomime spectra data were collected and statistically significant
(PSD techniques in experiments with and without cavitationcounts were obtained. Representative neutron and SL time
to check for neutron production and time correlations withspectra are shown in Figs. 4 through 7.
SL emission data. Time spectra were obtained using 1000 Figure 4 shows the MCS cumulative neutron count spec-
channel MCS boards with ms dwell times, such that the tra vs time after the PNG fires for tests with[@zO. These
neutron counts during PNG operation, which occur withinspectra were accumulated for 10 000 sweeps, each of 5 ms
the first 25us after the trigger signal is transmitted to the duration. Figure @) is with cavitation while Fig. &) is
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FIG. 4. (a) Time spectrum of
neutron counts for tests with cavi-
tation on (GDgO at 0 °C; PNG
drive frequency~ 200 Hz; acous-
tic forcing frequency ~19.3
kHz; time channel widtk5 us).
(b) Time spectrum of neutron
counts for tests with cavitation off
(C3D60O at 0 °C; PNG drive fre-
quency~200 Hz; PZT drive left
on but frequency phase shifted to
prevent cavitation; time channel
width="5 us). (c) Time spectrum
of gamma ray counts for tests with
cavitation on (GDgO at 0 °C;
PNG drive frequency~200 Hz;
acoustic forcing frequeney
~19.3 kHz; time channel width
=5us). (d) Time spectrum of
gamma ray counts for tests with
cavitation off (GDgO at 0 °C;
PNG drive frequency~200 Hz;
PZT drive left on but frequency
phase shifted to prevent cavita-
tion; time channel widtk5 us).

without. It can be seen that excess neutrons were only deveutron counts extending to channet100 (~500 us)

tected when there were cavitation bubbles. It is interesting tguhich

is ~10 acoustic cycles. Starting at channel

note in Figs. 4a) and 7a) that there is a significant peak ~ 100 (500us) the neutron counts start to grow significantly
during the implosion associated with the first sonic cycle ofto a peak near channet 180 (~900us) and then asymp-

period 52us, which occurs about 2fs after the PNG neu- totically decrease
trons emanate, and then there appears a time span of low500 (2 500us), reaching values about 10 times smaller

036109-5

to a

lower level around channel



TALEYARKHAN et al. PHYSICAL REVIEW E 69, 036109 (2004

CsHsO Neutron Data (4.8msec Time Window) , C:D,O SL Data (5msec Time Window)
5
200
ECav. On
180 |BCav. On '* 40
160
140 30
120 o k1]
100 |
80 10 il
60
40 0
20 1 51 101 151 201 251 301 351 401 451 501 551 601 651 701 751 801 851 901 951
0 o snimrraritineterichruimbrislainonidondantiitiaathtshanshitintbaitbindbibessmd (a) Channel Number
1 51 101 151 201 251 301 351 401 451 501 551 601 651 701 751 801 851 901 951
(a) Channel Number C,D,0 SL Data (5msec Time Window)
50
C3HsO Neutron Data (4.8msec Time Window) a0 MCav. Off
200
180 || Cav. Off }7 30
160
140 20
120
100 10
80 0 a2 ua 3l 2 2 u a2 ly 10 3 2 L 1 e g ) u

1 51 101 151 201 251 301 351 401 451 501 551 601 651 701 751 801 851 901 951

20 (b) Channel Number
0 hrstrtmtaapdttmobediamisaroimaseetientdemmmlang
1 51 101 151 201 251 301 351 401 451 501 551 601 651 701 751 801 851 901 951 FIG. 6. (a) Typical SL time spectra with cavitation on {8;0
(b) Channel Number

at 0°C; PNG drive frequency~200 Hz; acoustic forcing
FIG. 5. (a) Time spectrum of neutron counts for tests with cavi- frequency=~19.3 kHz; time channel width5 us). (b) Typical SL

tation on (GHgO at 0 °C; PNG drive frequency 200 Hz; acous-  lIme spectra with cavitation off ({DsO at 0 °C; PNG drive fre-

tic forcing frequency: ~20.3 kHz; time channel width5 us). (b) quency~200 Hz; PZT drive left on but frequency phase shifted to

Time spectrum of neutron counts for tests with cavitation off Prévent cavitation; time channel widts us).

(C3HgO at 0 °C; PNG drive frequency 200 Hz; PZT drive left on

but frt_equency phase shifted to prevent cavitation onset; time charyay counts with and without cavitation for deuterated and
nel width=>5 s). natural acetone is covered in greater detail in a later section.
As can be seen in Fig.(&, the increase of coun{at an
than in the peak channels. In comparison, the non-cavitationverall rate of up to~250 cps) starts about 3@s after PNG
spectrum shown in Fig.(8), which was obtained by shifting neutron emanatiofii.e., during the initial implosion of the
the phase of the PZT driver, showed a peak lastiib us  bubble cloud which was formga@nd the cumulative number
from the PNG source neutrons followed by rapidly decreasof counts, between a 30@s to 5000us time span, was found
ing neutron counts to a relatively constant background levelo be comparable to the counts collected during PNG firing;
which persisted out to the end of the sweep at channel 100these counts during bubble implosion varied from run to run
(5 m9. It should be noted that these data trends are considetween a factor of-0.3 to ~ 1.5 times the total number of
tent with previously reported experimental observationsneutron counts that were measured for4i5 us time bins
(www.rpi.edui~laheyr/SciencePaper.pdf corresponding to PNG firing, and, as such, they provide an
We interpret the spectrum of Fig.(@ as cavitation- additional useful benchmark for estimating the neutron emis-
induced neutron production from D-D reactions in the peri-sion rate due to bubble implosion in;Bz;O. The counts
odically imploding bubble cloud. On the other hand, the non-during PNG neutron emission were essentially constant from
cavitation spectrum of Fig. (8) shows the PNG source run to run(i.e., well within 1 SD. Assuming Poisson statis-
neutron peak followed by a rapidly decaying counting rate taics, the change in counts with cavitation that were recorded
channel~10 (~50 us); this decaying count rate is attrib- after PNG operation, for tests with chilled;@5O, repre-
uted to neutron capture of the PNG source neutrons and posents a very significant increase of more than 60 $D3
sibly the ~5% of gamma rays which may also be countedabove background. Figuresab and §b) show, respectively,
when the LS detector is operated in the PSD mode. It is alsthe neutron count spectrum for the control liquidHgO
worth noting that the counting rate in Figia}from channels  with and without cavitation. These spectra are very similar to
~500 to 1000 remains greater than the background counts iRig. 4b) and show no evidence of cavitation-induced neu-
the corresponding region of Fig(l®; we interpret this as a tron production.
small amount of cavitation-induced neutrons from the peri- Figures 6 display representative results for the sonolumi-
odically imploding bubble cloud. nescencegSL) emission spectrum using;0g0; the spec-
Figures 4c) and 4d) present the corresponding time trum for GHgO was found to be similar. As expected, there
spectra for the cases of cavitation on and off with gating orwere no significant SL emission signals unless cavitation
gamma raysi.e., we rejected the counts associated with neububble implosions took place. Interestingly, however, unlike
trons. As noted therein, the emission spectra do not displayn Fig. 4(a), there is not a large “dead time” evident in Fig.
the trends observed for neutrons and provide confidence théta). This indicates that the implosions for the first ten or so
the spectrum presented in Figgapand 4b) are quite dis- acoustic cycles after the bubble cloud implosion were not
tinct and represent neutron emissions. The aspect of gamnemergetic or numerous enough to induce significant DD fu-
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FIG. 7. (@) Change in neutron counts for chilled acetone with cavitation for the firstidcetone at 0 °C; PNG drive frequency
~200 Hz; acoustic forcing frequeney~19.3 kHz; error bars are 1 S0b) Corresponding change in SL counts for acetone for first 190
(c) Composite plots showing time correlation between neutron and SL counts ovenus0@d cases of cavitation off and cavitation on
(C3Dg0O at~0 °C; PNG operation at 200 Hlz(d) Time correlation between neutron and SL counts between 0.5 and 2.0 ni€=awitation
on—cavitation off; GDgO at~0 °C; PNG operation at-200 Hz.)(e) Variation of aggregate neutron and SL counts in peak and in-between
peak regions between 0.5 and 2.0 mg€avitation on—cavitation off; £DgO at~0 °C; PNG operation at-200 Hz. Neutron counts per
channel in peak channels are about 50 times larger than for remaining channels; the corresponding SL counts per channel in peak channels
are about 5 times larger.

sion, but were able to produce SL light flashes. A gfor initial implosion of the bubble cloud. A composite plot of the
the first 100us) of the results for neutron and SL activity is raw neutron and SL data with cavitation off and cavitation on
shown in Figs. 7@ and 1b), respectively. The time correla- over the entire 500Qws sweep time is shown in Fig.(d.

tion of the neutron and SL emissions is evident during theThe strong time correlation between neutron and SL emis-

036109-7



TALEYARKHAN et al. PHYSICAL REVIEW E 69, 036109 (2004

300
250 | 0.5msec - 2.0msec (Ch. 99 to 400) Region B Neutron(Cav.On-Off)
Odd Number bins are 10microseconds wide (peak counts) |
200 4 Even Number bins are 40microseconds wide (between peak counts) O SL(Cav.On-Off)
17 19 21 25 o 2
150 4 D 31 33 4
100 - 37 39 M 43 45 a7
50 - I I 51 53 55 57 59
0f42Q44 J46)148 50'52'54'56'58'60

Time Bin Number

1} 2 3 4 B d 7 g T T " ™ DY I

101, 108} 111]  119] 1211 130 132§ 140, 42 150 152] 160, 162 170
1 1 1ol 118l 100 128 sa1] 13 w1] e 51 1se]  e1]  1e9l 74
490} 50f 550 seo‘ :j 645, | 695 705{ sl 78] 795 ;o:z s
5001 | 550 500i 600} 655! 6950 7051 745l 7s5i 7951 805! | 8s5
—— : 'T""—"i_l_'
e 2

H !
16} 17 18] 19 20 ] 24 25 2] 7 28} 30)
1723 w1 183 191 1@ 200 23] 211] 213 22:] 24 mi 24 2
180: 182! 190 12‘} 200 210 212 21 231 233 241 i 251

s %0 910 950; 960 1% 1010 1osoi 1060 1105} 1115 1155§ 1657 1205] 1215
o0l o910} 50l  e0l 1000. 1010l 10s0! 10e0! 105! 1115} 11s5]  11es] 120s! 1215] 1255
31% 20 2l 34 35! 371 | 39______!4& 4 2 | |
2520 254 262] 264 273 nj‘ 2 285 29 295 W03 W5 34 O 24
27 84 20 204 a4l 313l 315
e

1410] 14201 460! 1470i 1510] 1520i 1565} 1575}
1575,

12650 1285!  130s]  1315]  1360f 1
1265, 1205|1315} 1360] 1370, 1410; 1420 1460, 1470 1510} 1520{ 1565

48; 47 4_61 49 50; 51 52; g 54 ﬂ 56; 57;

From (Ch) a3 e 34 el 358 a7l s %7 s, amr| eS| 297,
[To (Ch) 33 335 M3 5] 3540 356 364l 308 374l are] 4] 36 400
From(Time) 1625 1ees; 1675} 171s] 172s] 1770, 1780 1a0] 1830] 170} 1880 1920 1830 1970 1980
[To(Time) 1es]  t67si  7is] 7esi 170l 7e0l  1s0i  1830i 1870 moi 1920} 1930} 1970] 1s80! 2000
(d)

[N)
o
=]

r Channel

0.5msec - 2.0msec (Ch. 99-400) Region ENeutron(Cav.On-Off)
OSL(Cav.On-Off)

a
o

-
o
=]

SL. n SL

o

n & SL Peak Channels Between n & SL Peak Channels

Aggregate Counts pe
(.
o

FIG. 7. (Continued.

sions is evident. This is also seen with binning in Figel) 7 the neutron counts with and without cavitation for experi-
and 7e) that, in the time interval 0.5 ms to 2.0 ms, the SL ments with GHgO and GDgO to determine the energy level
emissions are also strongly time-correlated with neutrorof the neutrons that are emitted. Representative results,
emissions, a result which indicates that D-D neutron emisshown in Figs. 8), 8(b), and §c), were taken with the Spec-
sions, subsequent to the initial neutron-induced bubblérum Techniques UCS-20™ MCA used in collecting the neu-
nucleation in chilled gDgO, also occur during subsequent, tron counts. It should be noted that a statistically significant
sufficiently energetic, bubble cloud implosions. The binningincrease 25-50 SD) in neutron emission occurrEt¥]
process used is depicted in the accompanying table to Fignly when there was cavitation and only when chilled
7(d). Figure Te) displays an aggregate of all neutron countsC;DgO was the test liquid. In Fig.(8) we see that such an
in the two-channel bins corresponding to neutron p@ald  increase of counts takes place sharply at and below the
corresponding SL count®ccurrence versus the channels in ~2.5 MeV PRE, indicating the emission of neutrons that are
between the peaks. As is clearly seen, the aggregate courgeaked in energy at 2.5 MeV. No such change was noted
per channel in the peak channels are very significantlyn the higher energy channels, and none for conditions with-
greater(by factor of ~50) than for the channels in between out cavitation, and also none for tests with the control liquid,
the peaks. The corresponding SL counts are also higher bg;HO as seen from Fig.(8).
~500%. In contrast, if the neutron pulses had been random The neutron emission rate from our MCS/MCA data ac-
they would be spread out over the total time duration with noquisition systemwhich varied between-60 and~225 cps
such correlation being observed. from run to run, when divided by the calibrated efficiency
We also measured the ener@., pulse heightspectra of  for fast (<4 MeV) neutron detection gives a net emission
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|
(<2.5MeV) 2.5MeV  (>2.5MeV) FIG. 9. Changes in gamma ray and neutron counts for tests with

C3D60 and GHgO at ~0 °C with and without cavitation(PNG
a0 | T T T T T] drive frequency: 200 Hz. Acoustic drive frequencies~19.3 kHz
N_AcetoneéCav on and = ~20.3 kHz for GDgO and GHgO; error bars are 1 SD.

— — - N-Acetone(Cav.O
400 H 7

rate varying from~(1—-4)x 10° n/s (at ~2.5 MeV), which,

as will be discussed below, is well within experimental un-
certainties for the inferred neutron emission rate of
~(8.5-5)x 10° n/s from the tritium data.

320 H -1

240 =

Counts

GAMMA RAY SPECTRA DATA

80 H 4
\M_* D-D fusion neutrons generated by imploding cavitation
. ‘ bubbles immersed in liquid {DgO can be expected to inter-
° ﬂr * 1 0 o T 0 act with the various surrounding materials and structures re-
Channel . . .. L
(b) 245l L1 eV sulting in gamma ray emissiorprincipally from the capture
of thermalized neutrons by hydrogen in the liquid scintillator
and boron in the Pyrex glass test sectiomherefore, to
480 ] ' g ! ' u evaluate whether a measurable change in gamma ray emis-
_____ Bgﬁgg{gggéggxg” sion could be detected, we conducted experiments with and
= without cavitation for chilled gHgO and GDgzO, obtaining
the time and energy spectrum of counts in both the gamma
ray and neutron regions. The results, shown in Fig. 9, indi-
cate that for cavitation in chilled DO the gamma ray
counts increased. In various different runs, the increase of
gamma ray counts varied from 10% to 20% of the increase in
| neutron counts. The increase of counts in the neutron region
o | B has been noted earlier to be60 SD. The 10-20 % increase
M in counts in the gamma region time window amounts to a
, Binhto e It TN N ! change of>10 SD which is also very statistically significant.
0 W 50 100 150 200 T 250 This implies that some of the D-D neutrons emitted are cap-
2.45 Mev Channel 14.1 Mev tured by the experimental apparatus. No such change was
L) eRe PRE noted for tests with gHgO. Typical GDsO gamma ray
emission energy spectra with cavitatiess those without
cavitation are shown in Fig. 10. It was found that the in-
crease of gamma ray emissions was mairmy80%) below
2.2 MeV (as would be expected from the capture of thermal-
FIG. 8. (@) Changes in neutron counts below and above 2.5ized neu.trons by hydrogen anq the boron in the Py_rex glass
MeV for tests with GDgO and GHgO at ~0 °C with and without test section These res_ults Conﬂ_rmed the_ ac_cpmpanlr‘r_\en_t of
cavitation. (PNG drive frequency 200 Hz. Acoustic drive <2.5 MeV neutrons WI'Fh a statlstlcglly 5|gn|f.|cant emission
frequencies ~ 19.3 kHz and= ~20.3 kHz for GDO and GH,0; ~ ©f gamma rays for cavitation experiments witggO, but
error bars are 1 SD(b) Representative neutron gated counts belownot for tests with the control liquid, £16O.
and above 2.5 MeV proton recoil ed¢@RE for tests with GHgO
at ~0°C with and without cavitation(PNG drive frequency CONFEIRMATORY TRITIUM EXPERIMENTS
=200 Hz. Acoustic drive frequencies~20.3 kHz.) (c) Represen-
tative neutron gated counts below and above 2.5 MeV proton recoil Following the experimental procedures developed previ-
edge(PRB for tests with GDgO at~0 °C with and without cavi- ously [1], additional test§12] were conducted for seven
tation. (PNG drive frequency 200 Hz. Acoustic drive frequencies hours to reconfirnil] that a statistically significant quantity
=~19.3kHz.) of tritium (T) was generated during cavitation in chilled

400 H

320 H

240 H -

Counts

-

160 H
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100 To check for possible chemical effects, tests were also
conducted using a powerful acoustic hdrt?] immersed
into C3HgO, and separately intofDgO, to evaluate whether
cavitation of the type produced using conventional means

80 -
would produce any statistically significant change in the
readout for tritium content. The temperature of the acetone
was maintained at-0°C and an acoustic horn operating at

60 -

an input power level of~300 W was used to induce robust
cavitation at 20 kHz. The results revealed a negligible
change in counts in samples taken before and after cavita-
tion, amounting to about 0.1 cpitwith 1 SD=~3.5 cpm)

for C3DgO, and about 1 cpniwith a 1 SD=~2 cpm) for
C3HgO. These changes are well within 1 standard deviation
(SD), indicating negligible chemical effects contributing to
scintillation activity in the 5 to 18 keV beta decay window
characteristic of T decay. These data indicate that the effect
of any chemical activity on tritium measurements during
cavitation in our experiments is well below that caused by
nuclear fusion between deuterium atoms. Therefore, cavita-
tion with SL emanation from deuterated liquids by itself does
not lead to an increase of T counts. Indeed, statistically sig-

40

20 4

>22MeV

<22 MeV

FIG. 10. Increase of sample gamma pulse height spectra frac-

nificant quantities of tritium were found to be generated only
when we conducted cavitation experiments following the ex-
perimental process outlined in Figs. 2 in chilled deuterated
acetone (GDgO); a finding which was also supported by
hydrodynamic shock code simulatiof&]. Previously we
had also conducted tests with cavitation at liquid tempera-
"Wres of~20°C and we did not find any statistically signifi-
cant change in counts for;DgO nor GHgO [1]. Finally, it
should be noted that these findings were also supported by
hydrodynamic shock code simulatiofts|.

tional distribution of counts above background with cavitation
(C3Dg0 at~0 °C, PNG drive frequency-200 Hz; acoustic drive
frequency= ~19.3 kHz).

C3;DgO (i.e, at ~0°C). These tests were conducted with
deuterated acetone in a newly fabricated test section, a
they confirmed earlier findind4], and indicated an increase
(over backgroungin tritium counts in the range of 4.5t0 5.9
cpm|with a 1 standard deviatiof8D) of about 3 cpnh This
represents an individual difference of up t62 SD and a
collective change of more than 3 SD. These daéa, tritium
decay at 4.5 to 5.9 cpmimply an average neutron produc-
tion rate Of. betyveeme 10° ns to NSX. 10° n/s, respec- Large and statistically significant emissions-e2.5 MeV
tively. Testing in the new chamber with natural acetone

. o and below neutrons were noted during cavitation experi-
gicesHzg)straet?:tlitce;I);nsign?fri]c?;r%ecrggitg;vsvsa;vfecllm;/ivt;tggr:e-SD ments in chilled deuterated acetone. This neutron emission

ment with previous finding§1]. For reference, these new was well separated in time from the neutrons generated by

confirmatory data are shown together with past daain the PNG(used to nucleate the cavitation bubblesd was
y 9 P time correlated with SL light emissions during bubble implo-

SUMMARY AND CONCLUDING REMARKS

Fig. 11. : . T ;
9 sion events. The neutron output during cavitation in chilled
- deuterated acetone was found to be betweelnx 10° n/s
. ' N and ~4x10° n/s. Statistically significant increases in tri-
A D OPNG Im+Cav; 0°C) Confirmatory New . | d duri o f chill
Y o oeesemicn 6O Data (this paper) i tium were also measured during cavitation of chi e;;DgO
200 X oooPN! . ch) and the amount of tritium produced was consistent with the
r.+Cav; . . .. . .
A oD OPNG IOy 06 a measured DD neutron emissions. Statistically significant
L rr.only; _ . . . . .
15 B OENG monl: 0C) A gamma ray emissions were also measured in cavitation ex-
O CHOPNG ImsCav. 05 periments with chilled €DsO. No statistically significant
10 r i Rybresenative Counts (cpm) & fsigma errors change in neutron or gamma ray emissions and no significant
CJD:'S”” T e tritium generation were observed when there was no cavita-
ST v C,D,O 534+23  €8.9+4-26 | tion in G;DgO and in control tests with {0, both with
CHO 178413  160+113 and without cavitation.
0~ CHO 165+-13 15 +-12 -
e "
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the PNG were included. For the specific discriminator settings
and for these test runs with deuterated acetone with and with-
out cavitation, 8347 and 5337 neutrons were counted for the
channels below the 2.5 MeV cutoff, with 4193 and 4231
counts above the 2.5 MeV cutoff, respectively. Assuming Pois-
son statistics, 1 SD amounts t0117 counts. Therefore, the
3010 count increase above background in4t25 MeV range
represents a change of26 SD. Corresponding 1 SD values
are shown in Fig. 8 for the various cases cited therein.



