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RADIATION-INDUCED ACOUSTIC CAVITATION ;

THRESHOLD PB T~ 1PERATURE FOR SOME LIQUIDS

Martin Creenspan1 and Carl E. Tschiegg

National Engineering Laboratory

• National Bureau of Standards

Washington, D. C. 20234

• ABSTRACT

Neutron thresholds at various temperatures were measured for methanol,

ethanol, 1—propanol, 2—propanol, n—pentane, diethyl ether , fluorocarbon 113

and fluorocarbon 11, and fission thresholds were similarly measured for water ,

1— propanol and 2—propanol. The work was done in 1969, but not reported then~ ~4 •..
~ / • -

because the project had not been completed owing to the pressure of other

duties. However, there seems to be a revival of interest in this sort of

thing and we have been persuaded to work up and publish the data, such as it

is. So here goes.
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RADIATION—INDUCED ACOUSTIC CAVITATION ;

THRESHOLD V8 TEMPERATUR E FOR SOME LIQUIDS

1
Martin Creenspan and Carl E. Tschiegg

National Engineering Laboratory

National Bureau of Standards

Washington, D. C. 20234

1. INTRODUCTION

In 1967 the present authors published~a paper which it was

shown, among other things, that reproducible data on acoustic cavitation

could be got by the substitution of nuclei of cavitation produced by ionising

radiation for those highly variable ones which occur naturally and of ten

adventitiously. 
• A copy of bound with this report, for the

convenience of/c çader.

In 1969 we tatdertook to measure the variation in “threshold” with

temperature in certain liquids. The program was interrupted ~mder

• circu mstances beyon d our cont rol, but there seems now to be a demand for

S whatever data we hew., so we have worked it up for publication.

• 
2Number s in square brackets refer to literature citations.
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2. THE “THRESHOLD OF CAVITATION”

There is an important difference between the conceptual and an opera tional

meaning of the “threshold.” We conceive of the threshold as a negative pressure

below which cavitation does not occur and above which it does. But in fact no

such pressure exists; what does exist in a way which is unambiguous for a given

piece of apparatus operated in a prescribed manner, is a relationship between

negative pressure and cavitation rate. See p. 308 of (1J for this where it is

also shown that the nature of this relationship is such that the operator can

• determine a value of the negative pressure, which we will call the “threshold”,

below which cavitations occur rarely and above which the rate is several per

minute. The procedure is of course subjective end the values obtained depend

also on the condition. of the experiment. Still it is easy to reproduce results

to ± 1 dE and of tin to ± 0.2 dB , and in the few cases for which resul ts by others

are available , the agreement , although not what one might hope for , is yet not

too bad for this kind of work.

3. METHOD

The test liquid was filtered and degassed as described on pp. 304 and 305 of

11J and vibrated In a test cell which was either a cylinder having integral drive

as shown in Fig. 1 of (1] or a conical flask as shown in Pt,. 3 of (1].

The cell was enclosed in a pressure vessel and thresholds were determined by

the “overpressure” method described in p. 304 of (11. The pressure vessel was

housed in an anvironmental test chamber provided with a refrigeration unit,

•
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electric heaters and a thermostat , and also a port through which an a—neutron

source could be introduced.

A calibrated thermistor cemented to the cell, together with an automatic

digital ohmeeter, permitted remote readout of the temperature.

The overpressure and the voltage on the transducer were also read remotely

and operation was by remote control so far as practicable. The test chamber and

neutron source were in a room shielded with concrete blocks and paraf in; the

operating personnel, together with their instruments and controls, were in

another room across the hell. All applicable safety standards were met.

All of the work reported here was done with a 10—curie (160 g Pu) Pu—Be

source having a total output of 1.47 x 10
1 
n/s. In the case of the

neutron—induced thresholds given in Tables 2 to 9 and Figs. 2 to 9 the source

irradiated the test liquid directly. In the case of the fission thresholds given

in Tables 10 to 12 and Pigs. 10 to 12 a salt containing a fissionable material

(together with the water of crystallization) had been dissolved in the test

liquid , which was therefore no longer pure. The salts used were natural uranyl

nitrate , U02 (N0 )  ‘6H 0 and thorium nitrate, Th(NO )4 4H 0; both thermal and fast
4

fission occur in the former, and fast fission only in the latter. A large number

of neutrons was available , so that spontaneous fission and that induced by cosmic

neutrons had a negligible effect. These matters are discussed on p. 311 of [1].
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It is perhaps worthwhile to recapitulate the overpressure method , descr ibed

also on p. 304 of (1]. Suppose that under some specified condition a cavitation

occurs at some negative pressure T (threshold, a positive number); then if p is

the- static pressure (i.e. the overpresaure) and p is the amp litude of the

acoustic pressure

T .p — p (1)

The output of the cell is some voltage, V, supposed proportional to p~ so that

Eq. (1) ii

V — (p + T)/m,
8

or

p5
mV T. (2)

Thus if p be plotted against V a straight line results of which the

p1
— intercept, with the sign reversed , is the threshold, T. The method fails if T

depends on p as discussed in ~~~ In practice , T is gotten from a least—squares

fit to Eq. (2). This is a matter of convenience only , and it is not claimed that

any stat istical benefit results. In fact, V is treated as the independent

variable whereas actually p is. No significant error 3 results because in every

case the data fit a straight line very well, as shown by the small values of the

residual standard deviation of the fit given in Tables 2 to 12.

• 3This error is a few tenths of one percent in a threshold which we report using

only two significant figures.
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The overpressure method is of especial interest for at least two reasons.

First, the nature of the pressure field within the cell need not be kn own .

Second, it provides a method for the calibration of the small, rather insensitive

probes used in mapping ultrasonic fields, as explained on p. 304 of [13.

At the time [1) was written (1967) we thought the overpressure method to be

original. Later we found that it had been described In 194 7 by Briggs, Johnson

and Mason [23, and we are happy to acknowledge their priority.

4. RESULTS

4.1 Neutron thresholds

Table 1 lists the organic liquids tested, the range of temperatures over

which the tests were made, and some physical properties. These last are taken

f rom Schaffs ’ compilation [3) or, in the case of the fluorocarbons, from the CRC

handbook [4) and the values given do not pretend to any great accuracy. Table 1

also lists the number of the table and figure in which the results for each

liquid appear.

The raw data for a typical run are shown in Fig . 1 together with the

straight line, having the form of Eq. 2, fitted by least squares. The units for

pressure, namely psig, are used because the high—quality Bourdon—tube gage with

which the pressure was measured was so graduated. The points are fit very well

by a straight line (more on this later) and the hysteresis is seen to be small.

The use of the voltage V as the independent variable gives T 71.17 psig whereas

‘
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the use of the overpressure p instead would have given T — 71.42 psig. The

systematic errors greatly exceed this difference and we ignore it. The value

71.17 (pat,) is divided by 14.50 (psi/lO
5
Pa) to give 4.908 x lO

5
Pa gage from

which is subtracted a standard atmosphere of 1.013 x lO
5
Pa to give 3.895 x lO

5
Pa

absolute which is rounded off to 3.9 and entered in Table 2 as the threshold for

methanol at 39.6’ C.

The results are shown in Tables 2 to 9 and graphed in Figs. 2 to 9. The

residual standard deviation of the fit and the standard deviation of the

threshold are given not because they have any deep significance, but to show how

well the data are fitted by a straight line. In every case tabulated , the fit is

good enough to ensure that the threshold does not depend on the overpressure and

that hysteresis is negligible. Were It otherwise, as In some cases discussed by

Strasberg (51 (see also p. 304 of (11) the overpressure method would fail.

We discuss briefly the results given In Tables 2—9 and on the corresponding

graphs, Figs. 2 to 9. In doing so we also compare the results with whatever

others are available, which are not many . In fac t , we know of only the work of

Coh n West [6) done at the AERE In Harwell in 1967. West used a crude “spinner”

or centrifuge and his results therefore app ly at zero frequency. They are

denoted by circles on Figs . 2—9 , and it will be seen that In most cases the

agreement is ra ther good, and in no case is it really bad. We can take this to

support two notions, (a) that the weak dependence (if any) of threshold on

frequency which we found to hold from 20 to 60 kHz or so extends down to

zero frequency , and (b) that the onset of cavitation with increasing acoustic
p

pressure amplitude is of such a nature that two independent realizations of
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“threshold”, both arbitrary and both subjective, may yet yield results not much

more discrepant than the systematic errors of either. With this pious hope in

mind we proceed to look at our tables and graphs one at a tIme although two

things need to be noted only once. First, the threshold for the most part

decreases as the temperature increases. Second, the curves, which are expected

to be smooth, are in fact jagged. We think this jaggedness is a measure of the

inabilIty of the operator to repeat his settings.

Table 2 and Fig. 2. Methanol. We have two sets of data taken a week apart.

The (generalized) lunch—hour effect is seen to be not too bad if the two

low—temperature points of Jan. 6 are considered somewhat wild. West’s [6]

higher—temperature point is in good agreement with, and his lower—temperature

• point about 13X
4 below, ours.

Table 3 and Fig. 3. Ethanol. Here we have two modes, one at 46—48 kHz and

one at 27—28 kHz. About the same results are obtained at both frequencies. One

point appears to be wild, but an examination of the raw data gives no reason to

reject it. West’s [6] single point agrees very well.

Table 4 and Fig. 4. l—propanol. There Is nothing to remark here except that

the curve is very steep. Thresholds for temperatures below 50° C~ were outside

the range of the apparatus. West [6] did not work with this liquid.

“On the basis of gage pressure, which is what is measured, rather than absolute

pressure as shown on the graphs.
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Table 5 and Fig. 5. 2—propanol. Here again we see that measurements taken

on different days more or less hang together. West’s [6] point Is about 16%

below ours.

Table 6 and FIg. 6. Diethyl ether. West’s [6] point agrees very well with

ours.

Table 7 and Fig. 7. n—Pentane. There is nothing special here.

Table 8 and Fig. 8. Fluorocarbon 11. West ’s [6] points agree pretty well

with ours, although his point at 21.1’ C. is perhaps wild. The negative

threshold at 50.5’ C. means that cavitation occurs although the liquid is in

compression. The normal boiling point is 23.7° C., but the liquid state Is

maint,i.ned by a minimum overpressure of 2.1 x l0~ Pa as Indicated In Table 8.

Table 9 and Fig. 9. Fluorocarbon 113. We see that the 7 points obtained

before , and the 6 after repair of the cell as described in footnote (h) are not

unduly discrepant. Wet.- ’s three points agree well with ours. As In fluorocarbon

11 (see Table 8 and Fig. 8) there is one negative threshold.

It is seen that in all cases the threshold decreases as the temperature

increases. Unfortunately those properties of these liquids with which the

threshold would be expected to be correlated , either positively or negative ly ,

vary monotonically with temperature. Therefore we cannot expect to get a toehold

on a theory from lust a cursory glance at the curves.5

have calculated roughly that the maximum linear energy deposit to be expected

In each of the liquids is about the same, so that this factor is of use only in

absolute calculations.

- 

8

- 
- 

~~~~~~~~~~~~~~



— — _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

• ;— — - -- -5--.” - — _ ‘—4 - -‘ ; f l - __ - - ,_4_J4 - _ ._•:- -_ 
— • - —~~~~~~~

We tried also to measure some thresholds on clean water, using the steel

cell shown in Fig. 2 of [1). As pointed out on p. 304 of [1] the neutron

thresholds of water are high, and since our maximum overpressure was only about

0.8 ~~a (say 8 bar) the measurements were confined to the higher temperatures,

and even there the accuracy was low. About all we can say is that the thresholds

are in the neighborhood of 40 or 50 bar at 66’ C., 20 or 30 bar at 74—78° C., and

perhaps 30 or so bar at 87° C. This type of temperature variation suggests a

correlation with compressIbility, but the evidence is weak.

4.2 Fission thresholds.

These results, which are given in Tables 10, 11 and 12 and in the

corresponding figures, are only qualitative because the liquids are not pure and

we do not know the various physical properties of the solutions (although they

could be measured). The thresholds of the two propanols are low and the errors

correspondingly high so that little can be said about them.

The fission thresholds of water are in the same range as the neutron

thresholds of some of the organlcs, so it was easy to get a considerable amount

of data, as shown in Table 10 and Fig. 10. Again we notice a tendency for the

curve to flatten out at the higher temperatures , suggesting a possible partial

correlation with the compressibility.
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Table 1. Some Properties of the Liquids

a 
Temp 

b — 
a d — 

~~~ Table
Liquid B.P. Range ~T c 3T & Fig .

°C. °C. kg/rn3 kg/rn3 CC. rn/s rn/s °C No.

Methanol, CH4O 64.7 —20 to 50 792 0.94~
0 1120 3.26~° 2

Ethanol, C2
H
6
0 78.4 20 to 90 790 .87~~ 1159 3.l6~~ 3

1—Propanol , C3
H
80 97.8 50 to 83 804 .82~~ 1222 3.5~~ 4

2—Propanol, C3H80 82.5 24 to 82 786 (f) 1170 4.0~~ S

Diethyl ether, C4HJ0
O 34.6 —50 to 34 714 l.13~° 1006 4.87~~ 6

fl—Pentane C5
H
12 

36.1 — S to 34 626 (f) 1030 ~~~~~ 7

fluorocarbon 11,
CCl

3
F 23.8 —50 to 50 1467 (f) (f) (f) 8

fluorocarbon 113,
C2

C1
3F3 

47.6 —28 to 59 1565 (f) (f) (f) 9

(a) Normal boiling point.

(b) Density at 20 °C. (25 °C. for the fluorocarbons).

(c) Temperature coefficient of the density averaged over the indicated temperature
range.

(d) Speed of sound at 20 ‘C.

(e) Temperature coefficient of the speed of sound averaged over the indicated temperature
range.

( f )  Not readily available.

F igure 1. Plot of the raw data for methanol at 39.6 ‘C., together with the straight
line fitted by least squares. 

_______
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0 overpressure decreasing
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Table 2. Neutron thresholds, Pu—Be source
Mater ial — Methanol, CR40.

Threshold
No. fa b ~ 

(abso~ute) e 
Additiona l

Date ~~~~ Frequency data Range R.S.D. Value S.D. Notes

1969 ‘C. k}Iz lO5Pa lO5Pa lO5Pa f

1/13 —19.7 32.7 19 0—6.1 0.13 8.0 2.8 g

1/13 —10.0 31.4 19 0—6.1 .12 7.6 2.7 g

1/6 0.4 30.6 19 0—6.1 .15 7.5 2.6 g

1/13 .6 30.6 19 0—6.1 .11 6.9 2.6 g

1/6 11.3 29.7 20 0—6.1 .15 5.6 2.6 g

1/6 22.3 29.1 19 0—6.1 .13 5.2 2.5 g

1/6 30.6 28.4 19 0—6.1 .19 4.7 4.9 g

1/6 39.6 27.7 19 0—6.1 .10 3.9 2.8 g

1/6 49.7 26.8 19 0—6.1 .07 3.3 2.4 g,h

(a) About half the data were taken with the overpressure ascending and half with it
descending. - -

(b) Range of N2 overpressure taking zero as atmospheric pressure.

(c) Residual standard deviation of the fit of the data to Eq. (2).

(d) From the least—squares fit of the data to Eq. (2).

(e) Standard deviation of the threshold, obtained from the fit, expressed in percent .

(f) The unit of pressure coixlonly used in cavitation work is the bar or the atmosphere,
taken as practically interchangeable. 1 bar 0.987 atm 10~ Pa.

(g) In lead zirconate—titanate cylinder , 10.2 cm 0. D. by 15.2 cm long with 0.08 mm-
thick brass windows. (3, 0, 1) — mode. See Fig. 1 of [1].

(h) The cavitation cell did not operate properly at higher temperatures.
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FIGURE 2. Neutron thresholds of methanol as a function of temperature. The values

- 
are from table 2.

* Measurements made Jan. 6, 1969

- + Measurements made Jan. 13, 1969

0 From West (6]
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Table 3. Neutron thresholds, Pu—Be source
Material - Ethanol, C2116

0.

Threshold
No. f

a 
(absolute) Additional

Date Temp. Frequency data Range
b 

R.S.D.
C 

Valued S.D.e Notes

1969 ‘C. kHz lO
5Pa lO5Pa lO5Pa % f

5/16 19.6 46.0 10 0—5.5 0.08 5.9 2.6 g

5/16 23.2 45.7 10 0-5.5 .09 7.1 2.7 g

5/16 29.3 45.0 8 0—4.1 .11 5.9 4.9 g,h

5/16 38 44.4 10 0—5.5 .04 5.1 1.3 g

5/13 38.2 28.2 10 0—2.8 .05 4.5 3.0 g,h,i

5/13 46 27.8 14 0—4.1 .05 3.7 2.0 g,i

5/16 48 46.0 10 0—5.5 .19 4.2 6.9 g

5/13 53 27.3 14 0—4.1 .04 4.1 1.4 g,i

5/16 64 48.0 10 0—5.5 .04 3.1 1.8 g

5/13 65 26.8 10 0—2.8 .06 2.3 4.1 g h ,i

5/13 75 27.7 12 0.7—4.1 .05 2.4 3.1 g,i

5/20 82 47.7 8 1.4—5.5 .04 1.9 2.6 g

5/13 89 26.8 12 1.4—4.1 .11 1.8 8.4 g,i

(a) to(f) See footnotes to Table 2.

(g) In 500 ml conical fla8k driven by lead zirconate—titanate cylinder , 3.8 cm D. by 3.8
cm high. See Fig. 3 of (11.

(h) Cell not stable at higher overpressures.

(i) For these the mode was different , and the frequency lower, than for the others.
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FIGURE 3. Neutron thresholds of ethanol as a function of temperature. The values
are from table 3.

* High—frequency mode
- + Low—frequency mode
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Table 4. Neutron thresholds, Pu—Be source
Material — 1—propanol , C3

H
8
0.

Threshold
No. of5 (abso~ute) Additional

Date Temp. Frequency data Rangeb R.S.D.
C 

Value S D e Notes

1969 ‘C. kllz lO
5Pa lO5Pa lO5Pa % f

7/14 S0.~ 45.3 10 0—5.5 0.14 9.9 4.1 g

7/14 54.0 51.1 10 0—5.5 .18 6.8 5.8 g

7/14 59.2 50.9 10 0 5.S .15 6.7 4.9 g

7/14 61.2 50.5 10 0—5.5 .17 6.5 5.6 g

7/14 73.2 45.3 10 0—5.5 .09 3.8 3.4 g

7/14 82.5 50.9 8 0—4.1 .06 2.5 3.5 g,h

(a) to (f) See footnotes to Table 2.

(g),(h) See footnotes to Table 3.
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The
values are from table 4.
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Table 5. Neutron thresholds, Pu—Be source
Material — 2—propanol, C3

H
80.

Threshold
No. of5 

b (absohute) Additional
Date Temp. Frequency data Range R.S.D.c Value S.D.e Notes

1969 ‘C. kHz lO5Pa lO5Pa lO5Pa % f

7/9 23.9 45.4 10 0—5.5 0.08 8.9 2.3 g

7/9 49.6 45.7 10 0—5.5 .15 6.7 4.6 g

7/9 59.6 50.9 10 0—5.5 .18 5.3 6.0 g

7/9 69.6 49.9 10 0—5.5 .06 4.3 2.0 g

7/10 71.8 51.6 10 0—5 .5 .56 3.9 7.9 g

7/10 82.0 50.3 8 1.4—5.5 .06 3.5 3.6 g

(a) to (f) See footnotes to Table 2.

(g) See footnote to Table 3.
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FIGURE 5. Neutron thresholds of 2—propanol as a function of temperature. The
val ues are from table 5.

* Measur ements made July 9, 1969
+ Measurements made July 10, 1969 -

0 Fr~,m West [6)
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Table 6. Neutron thresholds, Pu—Be source
Material — Diethyl ether , C4H100

Threshold
No. of5 

b (abs~1ute) e Additiona l
Date Temp. Frequency data Range R.S.D. Value S.D. Notes

1969 ‘C. kllz lO5Pa lO5Pa lO5
Pa 7. f

5/5 —50 26.5 12 0—3.4 0.17 5.7 7.5 ~,1I

5/5 —39 26.2 16 0—4.8 .10 4.5 3.6

5/] —19.6 26.4 14 0—4.1 .09 4.2 3.4 g,h

5/1 1.8 27.9 14 0- ..1 .04 3.0 2.1 g

5/1 11.0 27.4 12 0—3.4 .06 2.4 3.2 g

5/1 21.0 26.8 10 0—2.8 .06 2.0 4.5 g

5/1 27.7 26.5 10 0—2.8 .03 1.1 2.0 g

5/1 34.0 26.4 8 0.7—2.8 .02 0.9 2.6 g

(a) to (f) See footnotes to Table 2.

(g) In 500 ml conical flask driven by lead zirconate—titanate cylinder , 5.1 cm D.
by 7.6 cm high. See Fig. 3 of El].

(h) Cell not stable at higher overpressures.

I
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FIGURE 6. Neutron thresholds of diethyl ether. The values are from table 6.
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Table 7. Neutron thresholds, Pu—Be source
Material — n—Pentane, C5

H12.

Threshold
No. fa 

b j~~~n1ute) e Additional
Date Temp. Frequency data Range R.S.D. Valued S.1 . Notes

1969 ‘C. kHz lO
5Pa lO5Pa lO5

Pa ¼

4/7 —4.8 28.7 12 0—3.4 0.20 3.1 10.0

4/7 9.6 27.5 14 0—4.1 .07 2.7 3.1 g

4/7 20.2 26.8 12 0—3.4 .06 1.4 3.6 g

4/7 26.7 26.6 12 0—3.4 .02 1.9 0.8 g,h

4/7 34.2 26.4 8 0.7—2.8 .02 0.6 3.1 g,b

(a) to (f) See footnotes to Table 2.

(g),(h) See footnotes to Table 6.
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Table 8. Neutron t..resholds, Pu—Be source
Material — Fluorocarbon 11, C C13F.

Threshold
No of5 b ~ 

(abso~ute) e Additional
Date Temp. Freguency data Range R.S.D. Value SD. Notes

1969 °C. kHz l0~Pa lO5Pa lO5Pa % f

7/2 —50 35.4 8 0—4.1 0.14 5.8 6.1 g,h

6/24 —31 38.3 10 0—5.5 .07 4.6 2.3 g

6/24 —10.9 36.5 10 0—5.5 .11 3.6 4.1 g

6/24 3.8 35.0 10 0—5.5 .04 3.0 1.5 g

6/24 18.6 33.7 10 0—5.5 .09 2.5 4.0 g

6/24 32.1 25.0 10 0.7—3.4 .04 1.4 3.8 g

6/24 41.5 24.1 10 1.4—4.1 .02 0.4 3.4 g

6/24 50.5 23.3 10 2.1—4.8 .04 — .9 7.9 g,i

(a) to (f) See footnotes to Table 2.

(g) In 125 ml conical flask driven by lead zirconate—titanate cylinder, 1.5 cm D.
by 2.5 cm high. See Fig. 3 of (1).

(h) Cell not stable at higher overpressures.

(i) Cell not stable at lover overpressures.
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FIGURE 8. Neutron thresholds of flurocarbon 11. The values are from table 8.
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Table 9. Neutron thresholds, Pu—Be source
Material — Fluorocarbon 113, C2C1

3F3.

a Threshold
No of 

b ~ 
(abs~1ute) Additional

Date Temp. Frequency data Range R.S.D. Value S.D.e Notes

1969 ‘C. kllz lO
5Pa lO5

Pa 10
5Pa % f

4/15 —27.8 27.5 17 0—5.5 0.12 4.9 3.7 g

4/17 —22.9 24.2 19 0—6.2 .21 4.9 5.2 g

4/15 —13.5 25.4 17 0—5.5 .13 3.9 4.0 g

4/15 — 9.1 26.3 15 0-4.8 .13 3.1 4.8 g

4/15 0.13 26.0 17 0—5.5 .09 3.2 2.8 g

4/15 9.3 25.4 15 0—4.8 .09 3.3 3.1 g

4/15 18.2 25.9 11 0—3.4 .06 2.2 3.5 g

4/17 24.3 24.3 13 0—4.1 .09 2.4 4.0 g,h

4/17 32.4 26.5 11 0—3.4 .06 1.9 3.4 g

4/17 36.1 28.8 11 0—3.4 .05 1.5 3.1 g

4/17 39.0 25.4 11 0.7-4.1 .04 1.1 3.3 g

4/17 48 24.5 9 0.7—3.4 .03 0.8 2.9 g

4/23 59 24.7 11 2.1—5.5 .06 — .3 .15 g

(a) to (f) See footnotes to Table 2.

(g) See footnote to Table 7.

(h) Sample changed and joint between flask and driver reg].ued.

I
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L TGURE 9. Neutron thresholds of fluorocarbon 113. The values are from table 9.

* Measurements made before apparatus was damaged

+ Measurements made after repairs (see footnote (h) of table 9).
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Table 10. Fission thresholds, dissolved natural U02(N03)2 exposed toPu—Be neutron source. Material — Water , H20, plus dissolvednatural U0
2
(N0

3
)2.

Threshold
No. (abs~lute) Additional

Date Temp. Frequency data ~~~~~~ R.S.D.
C Value S D e 

— 
No tes

1969 ‘C. kI4z lO5Pa lO5
Pa lO5Pa ¼ f

6/9 7.0 46.9 10 0—5.5 0.11 8.2 3.2 g,h 
- -

6/9 12.3 47.3 8 0 4.1 .08 7.6 3.4 g,h
6/9 16.0 47.5 10 0-5.5 .07 7.1 2.3 g,h
6/9 20.9 47.7 10 0—5.5 .16 6.4 5.2 g,h
6/9 23.3 47.9 10 0 5.5 .09 6.2 3.3 g,h
6/16 25.7 47.5 10 0—5.5 .14 5.8 4.5 g,i,j
6/9 36.0 48.4 10 0 5.5 .10 5.3 3.4 g,h
6/16 40.0 47.9 10 0—5.5 .08 4.0 3.6 g,i,j
6/10 47.2 48.8 10 0—5.5 .03 3.9 1.2 g,h
6/12 49.0 48.9 10 0—5.5 .10 3.3 3.8 g,h , j
6/16 53.0 48.1 10 0—5.5 .13 3.3 6.1 g,i ,j
6/12 62.5 49.1 10 0—5.5 .00 2.9 0.0 g,h ,j
6/16 73.5 48.3 10 0 2.8 .09 2.4 5.9 g,i,j
6/12 79.5 49.2 10 0—2.8 .09 2.5 5.6 g,h,j
6/16 84.5 48.3 10 0-2.8 .13 2.2 8.7 g,i,j
6/12 89.8 49.1 12 0—3.4 .09 2.4 4 .9 g,h,j
6/16 93.8 48.2 10 0—2.8 .03 2.2 2.6 g,1.,j
6/12 102 49.0 10 0.7 3.4 .03 1.7 2.4 g,h,j

(a) to (f) See footnotes to Table 2.

(g) See footnote to Table 8.

(h) 0 .25 molar

(i) 1.8 molar

(j ) These runs were made after the cell had been repaired and the transducer repla ed.
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FIGURE 10. Fission thresholds of water solut ion of natural uranyl nitrate. The
• - value , are from table 10.

I * 0.25 molar solution

I + 1.8 molar solution
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Table 11. Fission thresholds, dissolved natural U02
(N0

3) exposed to
Pu—Be neutron source. Material — 1—propanol, ~3H8

0, plus
dissolved natural U02

(N0
3
)2, plus some H20.

Threshold
No. f

a 
b c (absolute) e Additional

Date T~ np. Frequency data Range R.S.D. value~ S.D. Notes

1969 ‘C. kl{z lO5Pa lO5Pa lO5Pa ¼ f

8/15 —2.3 43.5 10 0—2.8 0.04 0.8 3.4 g,h

8/5 11.4 48.0 10 0—2.8 .08 1.2 5.9 g,i

8/5 11.6 45.0 10 0—2.8 .04 1.0 3.0 g,i

8/15 16.7 42.6 10 0—2.8 .02 0.7 1.9 g,h

8/8 20.4 42.3 10 0—2.8 .03 1.1 2.1 g,i

8/15 23.8 44.4 10 0—2.8 .01 0.8 1.0 g,h

8/5 24.3 42.1 10 0—2.8 .03 1.0 2.6 g,i

8/5 31.7 46.3 10 0—2.8 .06 1.3 4.2 g,i

8/5 39.6 49.9 10 0—2.8 .05 0.7 4.4 g,i

8/5 50.0 48.9 10 0—2.8 .03 0.5 2.8 g,i

8/8 60.0 44.3 10 0—2.8 .03 0.1 3.3 g,i

(a) to (f) See footnotes to Table 2.

(g) See footnote to Table 3.

(h) 0.2 molar.

(i) 0.4 molar.
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FIGURE 11. Fission thresholds of 1—propanol. with dissolved natural uranyl nitrate.
The value, are from table 11.

* 0.2 molar solution
4 + 0.4 molar solution

I

-~ -- -- - t-i~~~~~~~~~~~~~~~~~~~~~~~~i5~~ 
:- :~~ .5-ITT.~~~~~~~~~ 

‘Si_
_

~~
_ _

•
~~~



--5- —,-——•-•— ---—---- ---5-----4---—,•-- —~~~~ - -- _____r••—,--- -------—---- —
~
-------- -—------ -5 ----—-- ____________

—5 - --- -

Table 12. Fission thresholds, dissolved Th(N0
3
)
4 or natural U02

(N0
3
)
2exposed to Pu—Be neutron source. Material — 2 propanol,

C
3
H
8
0, plus dissolved Th(N03

)
4 or natural U02

(No
3
)
2
, plus

some H
2
0.

Threshold
No. fa (abs~1ute) Additional -

Date Temp. Frequency data Range
b 

R.S.D.C Value S.D.
e 

Notes

1969 ‘C. kllz lO5Pa lO5Pa lO5
Pa ¼ f

8/26 4.7 46.5 10 0—2.8 0.08 1.0 6.6 g,h

9/2 14.6 28.9 6 0—1.4 .01 0.7 1.8 g,i,j

8/26 17.0 29.0 8 0—2.1 .02 0.7 2.6 g,h,j

8/26 23.3 45.6 10 0—2.8  .04 0.5 3.8 g,h

9/2 24.7 45.4 10 0—2.8 .05 0.8 4.7 g,1

8/26 34.1 45.0 10 0—2.8 .07 0.7 6.5 g,h 
-

9/2 40.0 44.2 10 0—2.8 .02 0.2 2.0 g,i

8/26 43.3 44.1 10 0—2.8 .05 0.4 4.8 g,h

9/2 55.0 45.5 10 0—2.8 .02 0.3 2.2 g,i

8/26 57.3 45.5 10 0—2.8 .04 0.2 4.7 g,h

(a) to (f) See footnotes to Table 2.

(g) See footnote to Table 3.

(h) 0.4M U02 (N03)
2 .

(1) 0. 4M Th(N0 3) 4
(j) Lower—frequency more than the other runs. Ctll unstable at higher overpressures.

I
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FIGURE 12. Fission threshold. of 2—propanol with dissolved thorium nitrate or
- natural uranyl nitrate. The values are from table 12.

* 0.4 molar U02 (N03
) 2

+ 0.4 molar Th(N03
)4
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Radiation-Induced Acoustic Cavitation;
Apparatus and Some Results*

Martin Gre.nspan and Carl E. Tschiegg

National Bureau of Standards, Institut, for Basic Standards, Washington, D.C. 20234

(August 22, 196 7)

F II I i Ii t i t rn t  and techniques for acoustic cavitation work are described. The test liquid and tn
- • - u , t iIIi, - r t ’rt ,i h art iii ~ ye f-sustaining programmable oscillator. Emphasis ii. l aid on the treatment
u t  iii.- liquid ni-i •- nnar~ to yield reproducible results after artificial nucleation, especially b~ neutrons .
•,-ret..i l’- . and h,ni•in. With neutrons, for instance , the cav itation rate rises rapidly with acoustic (nega-
‘o r’  pren-.ure, and at fixed pressure is proportional to neutron flux. The cavitat ion events are randoiti .
j u,ij nit appreciable induction or decay t imes are observed. Each cavitation arises from the at-lion of
-t si ng l’- tw utrsi n or a-recoi l . or fission)- The cav itation “threehold” (roughly negative pressure hi-low
w hit -h •-asilst ion i. rarr in highly variable from liquid to liquid. Threshold, at about room ternhirra-
lure for liquids irradiated with 10 MeV neutrons ranged from I to 2 ( ar. f u r  n-pentane. ether , and
freon 113 tii over 50 bar-. for w ater

Key Words: Acou*tic cavitation, alpha-particle-induced cavitation, cavitation. cas itat i,un nucleus.
cavit5tion threshold, fission-induced cavitation , neutron- induced cavitation, radiation-
induced cav itation, threshold.

1. Introduction The apparatus here described is suitable for de-
termination of the following:Our interest in cavitation research was aroused ( 1)  Cavitation “thresholds” accor ding to ~ariou~partl~ b~ the work of Lieberman (19591 but mostly arbitrary definitions.lt~ that iii Sette and Wanderlingh (l962 (. Also we fell (2 ) Cavitation-event rate as a I u n ( - t i s i n  of 

~~~~~~that it would be desirable to develop techniques ca- 
sure above threshold.pdbk i t t  ~ie Iding results more reproducib le than those (3) Effect of static pressure.in t he literature. Of course most investigators were 

~~ Influence of various nuclei , natural  or arti-aw are t hat the day-to-day variabi lity of their results 
ficial. The natural nuclei can be filtered out an tIretfrcted that of the population of nuclei in the liquid 
replaced by others . Among these we empha’.izt-u nder te st; ’ indeed a cavitation experiment may be those which are radiation-induced; by neutron ’ . -sit-signed so that the results are best interpreted as a by disintegration of dissolved o-emitter s . and 11%determination of the distribution of nuclei, a pOint fission, both induced and spontaneous. In the caseemp hasized by Messino , et al, (1963, 19671. Still, we 
of neutrons , the prevailing view (Liebern tan . 19591feb that some improvements in both apparatus and is that the nucleation is connected with the deposi-te chni que wou ld be of value , and in thi s paper we tion , in t he liquid , of the kinetic energy acquireddesc ribe what we have done so far and give some by an atomic nucleus of one o~ t he heavier elementssamp le resu lts which , although as yet uncoordinated in the liquid as a result of an elastic collision withby t heory , illustrate how data of potential importance a neutron. In the case of a- disintegration, the hea~yt a n  be collected by relatively straightforward means. recoi l nucleus (a negative ion rather than a positiveV. e revert to the work of Lieberman [1959). He was ion as in the previous case), is responsible. accord-able to induce cavitat ion in acetone and pentane t by ing to Riepe and Hahn [19611. who have examin t-dneutron bombardment , The results , although very t his process in a bubble chamber.interesting an d so far as they go in substantial agree- So far our apparatus is not well adapted to studiesment wit h those of the present work , were hardly of the effect of frequency,surprising in view of what was then known about For an overall view of acoustic cavitat ion the ri-a ils-,bubble chambers. The situation is different in The is referred to Flynn [1964) whose article contains 152i-use iii Sette and his co-workers (Sette and Wander’ references,lin gh . 1962: Messino . et a l ,  19631 and later, of Finch

ll%41 as well. Their results imp y the existence , in 2. Apparatus, Major
wal.-r . of neutron-ge nerated cavitation nuclei which
have a long half-life, sometimes an hour or more. Other things being equal , cavitation occurs in tha t
- region of the li quid w here the (negative) pressure5.,~~,.ppww4 ,n p.n b~ th~~l S

lb. à. .., , .t ,.-.,i . ,,( ,. ,. t.. . r,’S.,-,.. .ddt~ e. ~k. d.~..... -t. ~s is greate st; therefore it is necessary that the pres-
- . , . ,m.M.I w.-hn,q... .n4 .m.td~ ,n, . .n4 us d.Ss,i. ,,. .1 ih,r.IwId -- sure at t he walls of the container be substantiall yt’n. bI, . inline
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less than that in the •‘test” region, else (-avit ation and
wi ll o(-cur preferentially on the walls (or on the trails-
ducer, if it be immersed), and the results will not u~~- = (Bnir , 14J5 l 1~,, s o ’, s,71 -
t hen represent properties of the liquid alone.3

In the case of traveling waves , t hey may be focused. respectivel y, with p the u,i d ist t i i l s t-d ils- , tsi t ~ ‘.1 tIn-
Sette and Wanderlingit [1962) used reflectors. The liquid.
radiation fro m the concave side of a transducer At r a , t he inside radius of the s - y l it ids- r . t i si -
w hit-h is the segment of a sphere is focused at the ratio ~~/ U r  must equal the radial driving-p o int i t t , -

(-enter; this arrangement was used by Willard [1953), pedance , Z(w). at the wall . 4 Then , wit h ~~ -
and on a massive scale, by Siroiyuk [1962). we get from elI (5), (3), and (6)
Standing.wave systems for the most part exploit

the radial modes of a liquid-filled spherical flask. iwpaj1t(.t )/( ) J~
( t )  = Z(w). Hi

an arrangement devised by Leonard 119461 for another
purpose and first adapted to cavitation work by Gallo- and from eq I 4)
way l l~~4I. In such resonant systems the power
requirement is just that needed to supply the losses; ( w e ) 2  l .tIa)~ 

. ( f l l T -/ j 2 .

- - this advantage over traveling-wave systems is es-
pecially important where high sound pressures are Equations (8) and 19) determine sim ultaneous taint-’.
required. i i i  w and i . Z (w uI being supposed known~

In our own work we use resonant systems, either A difficult~ common to all resonator systems
t-ylinders or conk-al flasks. that the container must be pierced and provided wit h

ñlling tubes for introduction of the sample. TheM-
2.1. CyiindSn upset t he sound field and also introduce loss,-’.. The

above analysis shows th at the tubes should heThe modes of vibration of a cylinder of fluid are well cated either in the lateral wall s near the ends ts r inunderstood; here we give a brief treatment just to t he ends near the circumference. For at the positionsfix ideas. Modes that have an azimuthal dependence r =o , z- ~= O or L. both the pressure. p. and the radialgive zero pressure on the axis and maximum pressure velocity, Ur, vanis h [eq (5k, (3). (6)). As for the axialon the walls; these are undesirable for our purpose ve locity, u~, t he ratio of’ its value at these positions
and we consider radially symmetric modes only. The to the maximum value is just Jo(x)[eq (7 ) 1 whit -h is
velocity potential, ignoring losses and with the time also the ratio of the pressure on the lateral wall todependence exp (iwt ) suppressed , is that on the axis for any z. Io prevent cavitati o n from

• J0( krr) [A cos k,z+R sin k.z], (1) occu rnng on the wall , Jo(z) must be small—just how
wit h small depends on the smoothness of the wall. A

“good” mode front this point of view therefore itnp lies
k I e ’=k~+k~; (2) a re latively small disturbance at the filling tubes.

Such modes are best found by trial : (-alculati ons from
the angular frequencies, tat , are t hus known in terms
of the radial wave numbers , k,, and the axial wave eq (8) and (9) are possible but tedious.
numbers , k5, and t he plane-wave speed of sound , c, In the -ase of a spherical re sonator all positions til
in the liquid. The ratio 8/A depends on the impedance t he neck are equally bad. The experiences of l’ in(-h
at the flat ends of the cylinder. Our practice is to use 11964 1 illustrate the point. These consideration s.
a t hin sheet for the ends to make the impedance nearly among ot hers, impelled U~ to use -y linders instead
zero; then with the origin at one end , and because the of spheres. We will point out tither advantages, and
pressure is proportional to 4i, A = 0 and k~ nit-IL , many disadvantages , as t hey come up. Just now we
L being the length of the cylinder and n an integer, remar k onl y that good geometry is easier to (-time by
Equations ( 1) and (2) reduce to in a hollow cylinder than in a hollow sphere.

• 8J9(k rr) sin (n,rz/L ), (3) •
and Cylinders of piezoelectric reramat are manufa.--

tured to close tolerances in a variety of sizes. We
= w’Ic’ = k~ + n’rt~/L’. (4) have used mostly 7.5 cm OD by 7.5 to 10 i-rn high amid

expect to try larger ones. As shown in flgmin- 1. t kt-

The pressure, radial velocity, and axial velocity are cylinder serves as part of the container , as the tirivimig
given by transducer, and as a pickup. It c an br .,fleasl -, ire. ,natt -

titanate or of barium titanate ; in either east the malt --
n a 1 should be ose especially formulated for low It. ..-.
(internal heating) at high drive .

u, =iI /ô r ’= — Bk,J,(h~r )  sin (nit-alL), (6)
55 lip,n gnnes ii,.- .frp Ndnsr. .J1~,, i ,,, .

_________ 
t-,,,s, she,, ,i.sp5- eqt.ltle,s, ., hi.. ,-.ku.Iml ,,l t iw- n-.. .,.n , in-q..-s.s-’. .1 I,.pi,t

Med rt4i d,,. .54 ,uIten .sod .sp..... ns ,oIi, ew -pUneal The i,n-..,.p, d..i ni,,.n.... -
- ti... tin- ispuanit., t~~ be d s .~~d. ,ssur,d *5th • ,uu.iI pn.b~. ~~

p,. ~5th shone • .kulit. .d. .o~~.-i.,n. ’, ,oth.. • I... p,-n ,-.,l
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- already mentioned. The second has to dci w i t h  the
2 roughness and friabili t y cii the inside walls.  Wc- wcs u l t I

prefer to operate at the “lireathing ” insi de [(r . H , a)
= ( 1 . 0. I )] because the cylinder walls are for this

—I ~~~
- 

- -
~ 

mode inure nearly pressu re-release th at i  for any other.
Also, a larger fraction of the li quid is i-cint ained in the

e high-pressure region. However, unless thi  pressures
are low , the wall motion in the ( 1 , 0, 1 )-mnodt~ is sit large6 that  the inside electrode (and sometimes the inner

- surface of the ceramic) disifitegratrs and contaminates
the litpiid. The overall performance is better in t in-_____ Cl , 0, l)’mode and higher pressures are obtained.
There is a tendency for cavitation to it t- cU r tin rough
spots on the wall , and this limits the maximum usefu l

(a) negative pressure obtainable to the range 20 to 30
5 bars , depending tin the parti cular cylinder and the

4 particular li quid. Such pressures are more than ade-
qua t e  for mans - organic l i qu ids  ex i isss ed to fast

2 
neutr on s .

b. Iz$ ,nol Delve

“Clean ” water exposed to fast neutrons cannot
be cavitated in the ceramic cylinders described above.
A spe -ial cylindrical vessel was fabricated from stain-
less steel tubing. The schematic . figur t - 2. is I t H i s t ly

‘b) self explanatory.
The cylinder is operated in the Cl. 0. 1) — mode .

and the driver is adjusted to resonate at the sane
.‘~ei~-,irt,-,n i-vilest!,,. ,ntusic ri-os, serteon. frequency at the temperature of test ( in  this  

- i - - ttt, ’,,.t,- ,,-p ,p,.to, . =1 t~~~
. et*e~~t .5 ~~~~ ti he. The .t,,sped, t ’. bp about 42.9 kH z at about 30 °C) in order to ini n inh izi -

s,s...ce .. .et,. sS.i. ” the stress in the epoxy joint between t i le drivt- r amid

~~~ ~~~~~~~~~~ a small milled flat on the cylinder.
I S .- ,,.-,.p,-,i t,~,nI.
- I ,~I,,.g t, t .

II ,  - v .5- gt.wn,i

~ ~~~~~~~ ~~~~~
‘
,. ‘The,,bed.r ,. she, ve(5454.

The metal rings allow for filling holes and connec-
t itins. The flat ends are either stainless steel , 12 to 75
~m thick, or glass. 254) j~m thick. The glass, which is 3
( -Ut ir sim mierosi-ape cover-glass stock , is fragile and I 2 

—

dj ff i t - i i l t  Its handle , but it allows tine to see what goes
on. flit ’ thinner  material provides a better pressure
ri- h,,- .,- than the th icker , but it is more easily excited 7
pa raiiie tri -alhi . we th ink )  into radial flexural vibrations,

Fle- j oint s shown in figure I are best cemented with
a ..i hi ,,ne-rubber adhesive which cures at room tern 

-

______________________

Iscrat ure. Many organic liquids attack this rubber. -

ha iwet e r : fa ir these, some other adhesive , such as an 6
epo~~ . may serve. We have found no universal adhesive
oar sine which lasts indefinitely with any single liquid.

Manufa cturers  supp ly cylinders electroded on both
th e inside and outside with a fined-on silver’glass 4
un ix i  ore. The outside electrode configuration shown
in figure 1 is produced by dividing the electrode as
furni shed and the inner ground electrode is connected FiGtrt% ~ 2. Ex:e,-nt,I!v dri ven cyl inder , srAensoti. cross sr,si,tn.
w i th  the outer ground bands by a conducting paint. i Si.e,ie,.o..lr,lind,v.R9. -mO .D hi lO irmh a5h e,II ti l i o , n i h n I  lnSe,,,,tis ..

Ii i  sa sine t-ases we have removed the inner electrode ‘1. sae,ie,. .te, .s a. is ..., ststp i.
an a l  replaced and extended it over the edges with 

~: ~~~~~~~~~fin al-un gold or p latinum. S. Co,~~e,4$,. p~ -.cri-~.s-d dfl~.si ce,,c.d.np,. 7 ,,.p, l i i i  Ti,.- , ,-.s. -v .,-, t,., ,. te st

- . . ,in m 5.-t5tii.a5,~ s he cu d. stud p,cisre.,.is ..- ~~ * see .4 he...T I t t- ’-r yhnd er s have two main limitations. The e. ~~~~~~~~~~~
hr’.i. namely limited life of the adhesives, we have ~ - “~~‘~~“

I
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5
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I J LEVEL
i-i_AMPLIFIER 

______ _____

SHIFTER I S~~

I
~~ VITATl ONl [ 

TIMEJ_ _JI O(TECTORJ
j~~~~LAY

7l ________ _________ _______

LFPOWER I [~~~ aor wavr
1AMPUFt~ R f 1 ~~ MPLlFI ER j FIL1’ER

I- i t .u - ~~i. I ( .1 !’  IIU lOt 51st tt. t li tttttlOItt,1i , . - I I .
‘rhesn.5,, I*.k d.ajr.m rs,- ..-u ,. the tn-quest, , tel.- .sng --k-t,,.-ni - I • - !  - -

! 

2 advantage s are absent. The container is made lu ~ ri -

______ 

placing the neck of an ordinary Eri enmney e r fla sk
(125. 250. 300, 500. or 1000 ml) with a massivt- glass
plug, typically about 25 mm OD by 25 mm long.

It was found empiricall y that eat-h asseniiii~ ha ’.
several modes for each of which there is a pressure

Ficu s~ 3. Conscaifituk. maximum iso axis and almost no motion in the plug.
The fl ask can therefore be held by the plug with out

1 ‘...lid es.. e1w uiah 2 
~~~~ much loss of Q; the Q may reach 10000. The resonant

I I~.5Nspi.ho.
~~~~ 5- ‘—‘~~~~•‘ frequencies and the Q’s depend on the parti cular
i-a - ui 

~~
“ flask , transducer , liquid , and tin the temper ature .

and cannot be predicted.
The advantages here are (a) that  the vessel is si t

one-piece. all glass construction with no joints and
At some temperature which fluctuates from day to (b) that the assemblies are i-heap tim e the glas--

day but is always within the range 29—3 1 °~~: the over- blower has taugh t himself hsiw ta i el iminate r isugli

all Q is a maximum at about 12 000. Negative pres- spots on the inside. These advantages siften s iu tw t - i g i i

sures of 160 bar s’ are sustained by the water for a the rather haphazard nature of the entire st - luemti t - .
minute or so at a time , and of 210 bars for a few see- and we have collected a considerable amount u u f
onds. The cavitations are presumed to be nucleated valuable data using it.
by either residual motes tsr adventitious neutrons. The drive is the voltage on. and the readout the cu r -

The readout is from a wire strai n gage noninductively rent into , the transducer. See section 2.3.
wound around the circumference of the cylinder near
midheiglit. It consists of three double turns of 75 ~sm- 2.3 £IICDOOIc$
diameter Karma wire cemented into a double V.
thread, 50 ~m deep, 

cut into the cylinder, In all of our setups the cavitation cell, together w i th
This cylinder could be used with various liquids its associated reactive elements , such as tra nisd u c-t -r s .

and at various temperatures for work at low pres- is the frequency determining element of a sell-sustain-
sures; however , we have used it only for high pres- ing oscillator. The scheme is shown in figure 4. Tiic
sure.. in water at one temperature. A change in tern- wave filter, a simple combination aif L,C.elt -itis ’nis .
perMuTe detunes the system and requires the trans- is adjusted so that its pass band is ra ughly t’cnu’ra-sI
dot-er to be retuned. So far we have not found it on the frequency of interest. For some setting iii l I s t-
worthwhile to dii this. phase shifter the system will oscillate at the alt-sire al

frequency if the loop gain is large enough. Small
2.2. Csnicoi ~~~~~ 

changes in the resonance frequency of the c a vi l a t ia iui
cell , caused by temperature drifts. ett - , are l i i i , ’.

Cylindrical geometry allows calculation of t he pres- automatically tracked .
sure field and experimental verification (see footnote 5); The amplitude of oscillation is adjusted to an’.
this was one motivation for our choice. Nevertheless , sired value by variation of the supp ly vtil t agt - is ’  a
we have made considerable use of the arrangement transistor stage (“level set” in fig. 4). The lev el u-an
shown schematically in figure 3 for which these be set manuall y or prog ramed in any desired wa~ -
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CAVITATION CaLl 
OUTPUT 

IVOLTAGL AMPUFIEN}—i 
__________IsI

~~~~ roWER_AMPLIFIER~~~~~~~ RC 

~~~~TuETER TO CELL

___________ 
OSCILLATOn] ~~~~~~ I 

/ 

~~ j INPUT)

IIs.t ie j~ S. ( its ttIl /,., Use at iila ,Oij lult,,i, t - t-l! .
S anse,t i,-atu, ,,i ~~ ,- _a —,  ;..,taI,diI~

Fair instan t -c , the pressure in the cell u-an be caused
It , increase linearly with time by application of a linear 

CELLvtsl tage ramp to the “level set.”
The “eav itat ia in detet-tor ret-ti fies and differe ’n- OUTPUT

— h ates the amp lified output of the cell. A cav itation he. si: 6. (?ut~tuf sy-sirm Jot (aa , tu /  N , i s / .
eve nt t lra ip s the Q of the system and therefore also e . ii..- un-t i u,t h l b.- . .I s.dru .5 ,-elI. si 55,..-. I s.d 1,-

r e,I,.tr ..p.-ratu... lit,- -op.. , t . n , r , . I  Ill s . m.d.- equ.I I-- ii,., --I u . s  5 - 4 5 -  j.Iu- t I . ’  - .1 II,.the output amplitude: the resulting pulse can be made ,,.,t,,,, ii,.- ,,,,,iu- s te- st ~r.~sonsl. is. th. m.,su,.t .l u,,.-,, n i ,  —

Iii trip a relay and interrupt the supply to the ‘level
set.” stopping the aiscillation. The avitation detector and that  to the capacitor (3) with its leads re’verst-d.has adjustabk sensitivity and (-an be made to tri~aer The capacitance of the auxiliary (-apa (- it air is mail .-a m mild events or on catastrophic events only. It can equal to the sum of the “free” electrostat it - (-ap. ie-ialso be disahkd. Tb— rectified signal is amplified and ta ne e of the transducer and the calia -i l ane- e .  iii tlit-applied ta i a small lt-udspeeker so that the cavitation lea ds: only the motional part of the t urn -n t i’. me- .i~ -eve nts u-an be “heard ” ured. This arrangement makes it pa i ss ibi t - to hi a s a -  l i l t -After the relay has been tripped it can be reset (-eli a hundred meters or more frasin the rest t uf ilit-after any desired elapsed time which exceeds the equipment with only a single coaxial -alilt ’ cs, f l f l t -u- t i ssn ,minimum delay set by the Q of the sy..tem. Delays of provided that the power amplifier is -ajiabic of d.’Ii’.-t ’r-50 sec or less are obtained from the sweep voltage ing the necessary in-quadrature current .  ‘

~, lie-ri’ aavailable from the os(’illoscope ; longer delays are radiation hazard exists , this is a valuable feature- .provided by a clock motor-switch arrangement.
The arrangement shown in figure 5 is not so versatile

2,4. Calibrationas the first, but is very simple and therefore well
adapted to portable equipment. The amplified output •- Prsb.s
synt-hronizes a Wien-bridge type oscillator. The os- A principal object of a typical experiment is the
t- il lat ei r functions as amplifier , filte r , phase-shifter , determination of the maximum negative Imre ssure in
and amplitude control (level set). The main disadvan- the liquid at the onset of cavitation. Those wham wiurk
tage is that each time the amplitude is changed the with spherical flasks usually make use of a j ira ilse ’
frequency dial must be changed to restore the proper microphone (probe). The active element is in n itu st
iih ase shift , for at a given setting of the frequency cases a small ceramic tube or disk: it is m ounted tin
dial, the phase shift between the synchronizing and the end of a metal tube of diameter 1.5 ii, 3 mm wh it -h
siut put voltages depends on the amplitude of the protrudes through the neck of the flask so that the-

a former (Owen . 19671. A limiter at the synchronizing active element is in a subsidiary pressure maximu m .ja t -k would perhaps improve the performance. The designs are numerous: for a complete des -ri ii -
In all of the above, the term “cell output ” refers lion of an especially clever one, see l3arger (19641.

ta i an electrical signal proportional to the maximum We have built many such probes, a few novel but
sound pressure in the liquid. In figure 1, the output none remarkable. In our work we find it essential
is the voltage on the receiving bands (8). In figure 2, not to have the probe in the liquid during test. In-
it is the voltage acrt mss the strain gage (6) which has stead , the output of the cylinder is compared with
a resistance of 510 ohms, carries a bias’ of about 14 mA , the reading of a calibrated probe which passes through
and is -tiupled to an amplifier through a I to 14 step-Up a small hole in the flat top of the cylinder during a
transformer. The signal-to-noise ratio is poor so that separate run during which the sound pressures are
filtering is necessary. In this case the amplifier ~ not so great as’ to produce cavitation a m the probe.
stagger-tuned: the 3.dB bandwidth is about 2 kHz. Such a comparison has’ to be made for each li quid

For the case of figure 3, the input voltage is applied at each frequency and at each temperature. The ~ir ai-
to the electrodes of the transducer; the output is the cedure is tedious and in any case cannot be used in
t-urre’nt into the transducer. As shown in figure 6, conical flasks. Also tedious is the calibration of th~the’ current is sensed with a “clip-on probe,” a common probe itself. For instance Barger (1964J empltiyed
at-cessory for an oscilloscope. The probe measures a free.fleld reciprocity method, in water, We shall
the algebraic sum of the current to the transducer describe a novel method later on in this section.
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b, ~~ ,p,s.su.. m a y  be extended over a n y  fre-c iuem-y rang.- l is i,at-aai ’ .
We dc-scribe a method of -alibrating a c-elI, that ~~~, 

of an ele -trtislatit ’ at-tu attur 7

tiC relating the sound pressure iii the liquid to the’
reading of the output device, whit-h is aibvious but
subject to some limitations. Suppose that unde r sonic
specified camndition a cavitation occurs at some’ nega- 3. Apparatus, Auxiliary
tive pressure, T (threshold , a ~iemsit ive number) :  then
ii p. is the static , and p~ t he aniplitude of the a c -t su st i e- . 3.1. Cloonup of Liquid
liressure.

T h e  e-xac’ t nature iii the natural  nuclei in liquids
T-~ p., 

— i... to) is unk , it swn and almost -erta inlv varia hi le fr aim mi sani t il a-
t at  sample anti f rom ti m e t a t  lime. Presunialih tllt- %

- - - are either bubbles (gas or vapor) ssmmu-iisuw - stdiO -‘The output is so~re voltage J , suiit iaise-tI prt ip airtusna l lmz e ’el U l iai f l  maste s ai r  Ina tt eit whi t -h  are ’ l m ttem r l s  we -t Ied:tem p., so that eq 1 10) i~ in .a , as c ase those- large r t I ta n  a su e- c - i to - a l —itt ’  a aii lie-
- re -waived by h lt ra t i as n .  Membrane f i l t e r s  a u  large-

(I ’, ~ fl/rn, i ll) are-a, with uni f a i rmn pores and ,e-l ati sel ~ lang .- f!s sw
rate— s are Icing sint-e a e -a i mm u sm l art it-Ic t m f a - su l i l m ne- r a e - .

in which p.” mV. Two measurements of ~ for two ( enera l pu r pose typ e- s hav e- a pore silt - as small a’.
values of p. determine T and a. The method fai ls if 0.01 ~ m. These- are at t au- keel by ,oimne air g an it -  li quids:
F depends on p.. Fur instance, if the (‘avitathtmn nucleus fur many s.f these , either type s having a ~itire si- ca - a’.
is a gas or vapor bubble, somehow stabilized at (say ) small as 0.2 ~im are available-.atmospheric pressure against dissolution or condensa- The deg- —r u i  cleanup required depends tan ti l t-
tiun , respectively, t hen an increase in the static- pres- nature of thr case. Ftmr instance, suppose tine wishes
sure p. will shrink the bubble and the liquid will be to measure stime avs tatat in threshold , T1, untla-r i i -
“strengthened,” i.e .. F wil l c hange with p. scm t hat radiatiutmi hs ~, neutrons from a ~aarti -u lar suura -c.
eq (10) is no lunger linear. This phenomenon has been Then it i t .  na- u’essary. in order to get reliroducililt-
discussed by Strasberg (1959l. results, to remov e- fro m the liquid all nuc lei upon

On the other hand, we find that if the cavitation is which cavitation can occur at stresses less thami
induced by neutron bombardment or a-disintegration, abaiut 2 T5. Because the rate of flow of a liquid thra , iig l i
t hen the threshold, F, is independent of the static a filter is smaller the smaller the tatsre size , a clea m iu l a
pressure p.. The cell is enclosed in a pressure vessel more drastic- than necessary is undesirable.
and the output. V, at threshold is determined for In these respects, so far at least as Fu is u-amn c ernt-u l.
various values of p.. A plet of i as ordinate versus p. the most refractory liquid , amemng those we have ssa
as abscissa yields a straight line, of which the p.- far tried, is water. Ii all motes retained by a filter cii
intercept, with reversed sign , is the threshold , F. There pore size 0.2 ~im are removed, water will sa st a i mi
is no measureabk hysteresis. In practice, T is caku- negative pres sure s in excess of 200 bar fair a
lated from the data by least squares. The vessel is time , and of 100 bar almtist indefinitely, sau t h at
iiressurized with nitrogen and the value of p. read on conditions are satisfactory for the determination uI
t high-quality bourdon-tube gage. A piston arrange- a value of F1 near 50 bar. However , it does wit sutTl t -t-
ment (actually $ hypodermic syringe) transmits the merely to pour distilled water through a filter i f l t t s
pressure to the liquid , as will be described later. the test conta iner , for the latter c ontains dirt y air:

A major advantage of this “over-pres sure ” method even if it is first evacuated, the water will be-u -ami ne ’
is that the nature of the pressure fie ld in the cell does contaminated by material on the walls. Rath e r it i’-

• neil need to be known , necessary to make use of a sche-me equiva le-n t tst
- - that shown in figure 7. After the assembl> sh auwii  I-.

_________ 
filled , the valves (2) may be set to form a u-lo se-t I s’.’.

~ tern so that the water can be continuously (- u r (- u IatI-sl
As a byproduct , the overpressure method provides a by a bellows or diaphragm j ump. Alter na ti vt ’I ’. ,

simple way of calibrating the small, rather insensitive if a still is available which can pr umduc e water
p salread y discussed. fast as it flows throug h the filter , the pump u-au l ie -

Some threshold, T. which as always has an arbit rary dispensed with and the valves (2) set ta t admit anal
definition , but which must be reproducible, is meas- discard the water continuously. The deanup h u h -  is

used by the overpressure method in a cylindrical cell great ly shortened by acoustic agitation tsl t h e’ i t’ll
such as shown in figure 1. The maximum acoustic during the procedure and by the addition tiC tleta ’rge ’.it
pressure amplitude (at the center of the cell) is now to thec inflowing water during the early stage~s. ‘l lit ’
known in terms of the output voltage. A probe inserted prog ress of the cleanup can be obser ve-al th r us i i g l i
thru.aagh a small hole in the top is then easily call- a dark-field microscope ft sm-ust ’d am hi l t -  t ’fli ut -nt
biased against the output voltage; the result applies in a piece of precision-bore ret-tangular glass tu l i ing .
at the frequency of test only, Other frequencies may
be gotten by changes of mode andlor liquid. For probes ~~~~~~~~ ~~~~~~~ &ML ll~~2s ,. 4,,-,As-d 5, l5-..au-I ~I stI” ~- Iwhich are sensitive on the eat end only, the response a ‘a .aa l..i*le a s ... .5..i. a. e.i..

304
S

- 
- 

S • 

~~~~~~~~~~~~~~~~~~~~~ —— - - — -a———-

~~~~~~~
-

~~~~~~~~~
- -—- - - - TT1..-J~ . .~~~~~~_



- - ______

P 3

(2)

Mic

—

~~~~

-

~~
—
4

Fs.a s1 7. Cleeuuacp system, MAcmask. __________

“...t.’- ,4 .5.- . ,-.,s..a,.-s,u ..n- ,.-.. -,i .,aii ,.

opti c-ally finished nfl the outside. The microscope
arrangement is rather crude , but it works well so
long as the effluent is still rather dirty; however the Fut ;t~~ 8. Apparatus Jar determination of oxigen , sc At-m ail, -field of view is so small that after a few minutes of I s,-n.,. .as..- .op ...

L Sl.-ten.g ‘yn. r, $ r Lt.~~Iuli bpp..5.rms.-.operation the waiting time for passage of a mote be- 1 ~~~~~~ PuIn~ -~ ,o piuau’apr, eng.~.-. pins.a, ,noa .t.,~ ,i .,n ,- i,~~ ., ,,, i,,,
(‘times Icing enaiugh to fatigue the observer and render ~ S. pfr .,q .s..dmd ~~~~~~ 10 ,,& Ls.ml.~ hpp.~ .-.-m.

% Sa’pro.-L oa.--..y, s,1 -hed so .yno’a.- 141.
his perception unreliable. Its main virtue is that ~ 5.... .it makes it possible to determine whether or not the
shait ’k wave- caused by the collapse of a cavitation
bubble has dislodged additional motes from the
wall , In the case of water in a stainless steel cell ,
suit-h dislodgment happens almost invariably, so that equili brium with a gas at a partial pressure- which is
meamuingfu( t ibservalions can be taken only at long itself adjusted. For example, a liquid is easily saw-
intervals, say S to IS m m .  rated by bubbling the gas through it at the p art i cular
A much less stringent procedure is required for temperature and pressure for whit-h saturatia in is

organic liquids , at least the dozen or so we have so desired. Also most of the dissolved gas can readiI~far used. Two possible reasons (-ome to mind; first , be removed by pumping on the space above the liquid
the th resholds , Tu. are lower than for wate r and sec- in a closed container while stirring violently. A (-tim-
nod , the motes are either better wetted by, or more bination magnetic stirrer and hot plate is invaluable
‘.ailuble in the organics. Whatever the reasons , it turn s for this purpose.
.s ut that T~ is. in all cases so far , easily measured after The gas tension may be measured by any of several
emly 10 sir so minutes of circulation in an apparatus methods known to physical chemists. Strasberg I l95~)I .
like - that  in figure 7. (The microscope is omitted,) Valves and others since, made use of a Van Slyke bleue sd-gas
I 1) art- then -losed and the connecting tubes detached apparatus , available from chemical supply houses, Ii
to. th at  the cell and relief element can be removed for the gas is air, which is usuall y the case ,5 ti ne u am a use’
use, The relief element, which is a hypodermic sy’ techniques peculiar to oxygen. We have found a polar-
rin ge. maintains the ambient pressure , or the over • ographic technique based on the oxygen cathode ta i
pressure , tin the contents be very convenient For a comprehensiv e review set’

I” t ,r some liquids pouring or pum ping through a Davies [1962J We describe only the modificatit in s
filter into the flask , previously cleaned and rinsed peculiar to our work ,
w ith the liquid , is sufficient. In others , even the filter . In figure 8. (1) represent s a sensor , about 1 mm in
ing may be omitted , especially if the sample is from a diameter , which is embedded in the wall of a tulu t-
fresh ly opened bottle, about 3 mm in diameter past which the test liquid flows.

The sensor has a current output (a few microasnperes)
3,2, Gm ~~~~~~ ~~ 

which is proportional to the rate at whit h O~ i~. re’tlua-e’eIon an inert (gold , in our case) cath ode separated kunu
I nde r some circumstances the cavitation threshold the test liquid by a thin film of electrolyte and a t efl ain

I’. sensitive it, the gas tension in the liquid. This ten-
‘j im c-an be adjusted by allowing the liquid to come into ‘A. .u-.jalea, 5. ate .Usdt n( ,oss,Iumisw.,-e,we ott-h ,. ,.,sus,..- i, ,h~ r....., ,,i ih.-

.a5...I..d ...
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membrane, The 02 reaches the cathode - by ul i ff u s i eiiu the a emitt ers h ave bc-eu Ru IS(-tt e aiiel V~ a i i a l a - r l i , s ~.is .
thru iugh the membrane so that the’ output u ’urrent is 19621, Pu i2Ui (Lie-berman , 1959(. Ait i ’’ , auti l li ti !
propc m rlieinal tti the com-entrution of 02 j u st out~idt ’ it.  IHahn and l-’eat-eiek. 19631. I’ht- main ehisa civa nt aig t - . .1 .i

The electrailysis depletes the li quid t if 02, Se. t h at the Ra sourc e is its h igh -y .ray lia ck gr smu ,ud . about (i5(Mi
current output depends on the speed of flow in the j s/ncutron. .& P si sti uru -e is small , but has a shi s irt
tube , The device shown in figure 8 standardizes the half’life (138 days) . Of t lua s sc sasur l et. c~e- l ia t t a ’  hail d i l

flow rate and allows compensation for other variables opportunity to use , the best from the - st a , u t l l s a s i u u t  s i t

to be dest-ribed. But first we note that the - sensor , size , half-life , and safety is Am -Be- . The I’u -l ls- -“ s i t .
which is a modification of the “Cl ark cell” is easil y is about as good but large’r : we uusi w cisc- I’u-lIc lis t .iiiss-
made. Ours is a modification of a commercial model. of its lower priu’e’
The original Ag anode has been replaced by Ag—AgsO, The eha rai’ter isti -s of (0 . H )  Si)Ult-t’t. ala- h — it ’d in
and instead of a KCI gel we use , as elect rol yte, 0.5N NRS H anr ibt st ik 72, The neu trsm n cnerg sIst ’ t sd  ‘ it  s~~a - 1 I

KOH saturated with Ag~0 anti thickened with hy drox ’.-- st iurt -t ’s at-c ’ variable e ven aiu i a in ,t  thi sise n a s n u i n a h l %  ih i r
ethyl  cellulose, This arrangement is more stable anti saint-, auiti they arc’ know n 0111% J l , I s r t . x i u t i a t a ’l ’ .  - F is t -
has a longer life than the original; it is hiasu ’d on t h e  energy ‘.-aruc -s fr e i ,ui  ~u-ro let .u u i i d x i f l u u i t l  a s t  13.1, I O .~-
work of Conn ehly and of Carrit and Kanwisher (su- t ’ 11.4 , and 10.7 Me-V for Ru ,  I’,.. \ in .  ~tte1 P U.  r t s j ’ t t -

Davies. 1962, p. 1721. t iveh y. and the average- em’rg% i’.  ale a sti t I ~ \l ,-~ -

The metering syri n ge in figure 8 is drive-i, by a (-lock Most ,sf .m u r w s i rk  has bee ’uu dime a i t l i  a l h t - e - t u u i a ’
motor through a rack and pinion; the flow is 5 cm3/mnin (l6Og Pul l’u-Be simuru e liav itu g a t , s t j i  a s l u l i s l u t  i s i

which amounts to about 2 em/s past the sensor. Re- 1 -%7 ‘~ 10~ n/s .
fore making a measurement, a sample is withdrawn The data would be more easily i n t e - r i s r a - t s - s i  ci i i i , ’
from the apparatus into a 10-em 3 syringe provided more nearl ’. mu in esergic n eu t re mus  t ira~ iu ~u -~-~1 Is ’. l~~r tu (  is
with a stopcock (5), taking the usual precautions to accelerators were used, F’inu ’Ii ll9M l w as rk t - , l  s t u t i l

exclude air. At the same time a sample is withdrawn 14 Me-V ne ’Utr tins produced by th e ’ ITRI . ai is J  l i - - i .  I I . s , i -

into another , similar syringe from a bottle of the same We have made a few runs using thls anti  dl ssa uhse
liquid in the oven and thus at the same temperature (t.’(d , n)He’) reaction (2.5 MeV neutrain si , but the
as the test sample, This “standardizing” li quid is neutron fluxes were rather unslea’l’..
maintained saturated with air at the temperature of
the oven and the pressure of the atmosphere, In each b. a-Disln$sgish.n(-ase the first withdrawal is discarded so that the
syringe is purged of air and residual liquid. The two The sheirt range ,if the he-u ’. ’. r et-sill nti s la -i h u . . , s s
syringes, “standard” and “sample ” with stopcocks disintegrati on a u a dissolved ~ -a-m i t t r r  us -u ‘.,ulsi ,ul sli
(5) closed are then allowed to t’ome into temperature property; the cavitation data are more easily un t .-r
equilibrium with the ambient at the location of the preted. In order that the dissolved emitter not affec t the -
apparatus in figure 8; the contents are then sucees- properties of the liquid t a ss ius ~ e l t ,  it sl u s sh i l e l  hs .s ’ .e  - ,
sively run through. The ratio of the “sample” reading high activity.  sss that  a sri ly lr , at t - ’ .  .i re- r i - a t s u t i l - i l .  I’ ..
to the “standard” reading gives the oxygen tension perhaps represents a gt scsd a - i s u u u u s r s m i u l i s e -  bt ’l ’ .it ,- a ui lsiJ~
m percent relative to saturation at ‘I atm total air activity and ru- attainable hal l - l i l t ’ :  v.t - hi,j ’,a ’ i i a a t ‘a c t  h i t a - t i
pressure. Before taking a reading, the metering syringe it ftir lack cii facilities fair s,iie’ h sniefh i ii g. ‘t ~u i s s i l a l a
and associated tubing are purged with “test” or diffi c ul ty  is that (cii sisme lit ;uids list s muc h s,t u s, - I’ .’
“standard” li quid by an obvious manipulation of the compound may be adsorbed sin iii,’ wall,. sit i i . .  . “is

stopcocks; t he rack is hinged so that it can be lifted tam er , leav ing too little in the bulk siC the li c i ui tel .
from the pinion to allow hand operation which facil- Ordinary thorium nitrate . i’h(N0 1t~ ‘ Ili :( )  I ’

itates the process. The output current reaches a steady soluble in the lower ah ’aihols ant i e ’th vh ethet . ~ a’
value after about 1 cm 3 of liquid has been expelled, used concentrations of 1 tei 10 gt ’fhi per l i tr e in u tu s - t l s ’ . l .

It will be seen that the scheme described eliminates et hyl and isempr uepyl akciha il with gama sd result’-. I e , u , u ’, i
all of the important sources of erreir , These are (a) nitrate UO~~NO1), - 6H,O, is also soluble in the-se
changes due to changes in flow rate past sensor. liquids. Although about three times at. active- as. tha t -
tb t drifts due to aging of the cell , and (c) changes in slum , uranium is not as well suited tti this work bet ausr
sensitivity which arise from the high temperature e f  the high spontaneous fission rate ” si t I
coefficients of diffusion in the liquid and in the Teflon. It should be remembered that laba .ratssr s rs -a~ s - u st

grades of thorium and uranium salts are’ a ’runta nu i-
nated with daughter products . mat u ’, si titl ist Ii u.

3.3. lodiotlon Soucass a-emitters,

As was mentisrned in the ’ tntr ,it iuctmn , cavitation has 
~,

been indw-ed by n e -u t r s in bombardment , by a-disintc--
gr atia in . and by lission. ( avitati cun eweurs at relativel ’. hss ~ s i r s - - s . - -  ‘ .11

fission events in 1k uids. Any salt a , l t Iuc-  h ’ .sus ,tu , il sh s-

•, ~~~~~ 
material , soluble in liquid . n’aa~ 1st- too -cl . “h.,v, . la s t .
and spontaneou s fission have- been ss iise - r ’ ac ’tl

Most e,f the work Sti far done has been with (a , n)
source s. In all eases the’ target atom has been Be’a:
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d N.$tjrsl I.á ysond TASLa I - Some c-avisotion th resholds is. sc-til er
( ims mk- -ray neutrons are a potential source cii ~~~~~

- - 

-

•-avitation nuclei and should be reckoned with under 
- -

~~

S- sin e- u-irt-umstant -es . Watt (19671 has reviewed some Threshold, ’ bar

t sf t he literature ; as an average he takes the total
flux density to be 65 n/cm2/hr at sea level in the middle Partial prcsc ure of dassssl ’aed air . ia srr.

latitudes. Of the total , most have low energies and ~ — -

only 7 percent (4.5 n/cm3/hm-, are above 10 MeV, Recent 0.2 4 100 250 700
measurements by Tajima. et aL 11967!, indicate a
tout-h lower flux density, at least in the range 2—to 

-

~~~~~~~~ 

—

~~~~~

%leV , and an altitude dependence like exp (— 0.006,3 x ) ,  G*~~~~~ ’ 11954 1 ~~ 200 d 110 8 3 I -
Karger (1964 8 3 70being the atmospheric depth in gJcm2. Finch IIW’4i 9±3 ’ 

In total flux density, t he cosmic-neutron background
is equivalent to the neutro n source in our laboratory
1,47 x l0~ n/s into 4ir ) at a distance exceeding 80 Sound pressure amp litudes, Italic pressure I bar . The thre’s-

meters , and the former has a smaller fraction u f  neu- threshold definit ions are roughly equivalent. F requency --- 26
kIJz.

trains at the higher energies. ‘ Jnies-poiated from a curve.
Spread about ± 12 percent.

~ According to a private communication, Galloway is , F inch
4. Som. Results l1964J high value gotten sporadically. More often 15 to 20 bars

Spread not given.
Another mode of operation gave 50 to 80 bars.

4.1. G.noral

It. fix ideas, we consider water at atmospheric pres-
sure’. The frequency of the sound pressure is in the
range 25—50 kHz and as a threshold we take the nega- 4,2, P4.utron-lnduc.d Cavitation
live pressure at which the average waiting time for
t -av itation is (say) 30 sec. The thresh esld in ordinary tap This effect was first found in a( ’etssne and in l ie -ri -

water or in distilled water , both of which contain tane by Lieberman (19591, We- h iave - amhst ’rv ed it

numerous motes , varies markedly with the amount since in water . isopropan cul.atid fretm 113 tl”~
( lLCChJ”

esi dissolved air, being higher the less air; furthermore (Greenspan and Tschiegg, 1966a(, in ethanol (Green-

the threshold is variable from sample to sample and span and Tschiegg, 1966bJ and later in another dozen

lraiuii t ime to time in the same sample. Values range or so organic liquids.
fro m I bar or less at saturation (with air) to perhaps Two results stand out, First , the air ceintent of the

10 liars at 10 tt i 30 percent saturation. Barger U9641 liquid affects the threshold little if at a u .  Lie-berman
studiu- d these effects for a wide range of many of the also found this. Second, there is no appre -iable indue-

variables and Messino et at . (19671, added to the lion or decay time for the effect West and Htiwlett

water both wettable and unwettable motes; their (19671 have since investigated this point in detail ;

results well illustrate the possibilities, in the liquid they used, tetrachloroethylene , the l ife--
We have found the situation to be different , however , time of a bubble is about 2~ s. These results were

if the water is cleaned up taking the precautions obtained in an elegant experiment using a pulsed
described in section 3.1. In this case the threshold neutron source. We have already alluded to the results

t 

rises as more of the motes are removed , no matter of Finch [19641 and of Sette’s group, which contrast
what the air content , so long as it is below saturation markedly with , e.g., ours. They find a cumuhat ive
(Greenspan and Tschiegg, 1966a, bi . It seems that no effect; many minutes or even an hour of exposure to
in)pe)rtant purpose is served by protracted cleanup; neutrons are required to “weaken” the liquid (water
the threshold continues to rise unless (presumably) in both cases) and the “strength” returns at a similar
the experiment is terminated by an adventitious interval after exposure is terminated. Sette and his
uuetnrein. co-workers [Bertolotti et al. 1965, p. 109J feel that

Table 1 summarizes a few results from the literature , long lifetimes ate characteristic of gassy (i.e., sat-
The three sets are not strictly comparable although urated with air at the static pressure) water; huiwever
Finch duplicated Galloway’s apparatus so far as ~~ 

Finch’s water, which showed the effect, was onl y
sible. Nc te the marked effect of the amount of dis- 0.5 percent saturated , and our water does not shcuw
sailved air, the effect even if gassy. Perhaps dirt is more imp ortant

Our measurements were taken at 43 kHz. At 46 than gas.
kH z, Barges [19641 reports thresholds ranging from 1.2 ., s.~ i,sics
bar at 760 torr partial pressure of air to 12.1 bar at The question which obtrudes itself tntmst fsurc t ’ f tuhly
10 ts irr. These contrast with our thresholds of aboUt is whether or not the cavitaticins are singlt ’ .~iarti e le’
160 bar several minute basis) or 210 bar (several
se -ond basis) independent of air content from ~~~~~~

— 
events , t hat is, w hether each cavitati on is Ir u t eitlsli ’

6~i4) torr . Presumably the air content has less effect 
to a sin&e neutron or whether eat’h is due to thu ’

the cleaner the water. 
t ooperative effect of twt i or muire neutrons. In liii’
former case the cavitation rate would (a) le sU ti w a
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Poisson distribution , and Ib) satisfy the inverse-square The average u - i sun t  rate was 2 l .~ / i i i i i i  w i t h  d

law for variu ius distances of the neutron seiur(-e fro m ard deviation fc-csm re ’siduals cii (h i / c H i l l  ac id act t ’~~iseu - 1c’el
the cavitation cell, standard deviation cii (2 1 .Fi~ 4.6/mitt. l’l,t- c-si n-

Lieberman’s 119591 results iii pentane were’ “rea- u-lusion is the same as for run I.
sonably i-lose to a Poisson distribution, ” We ha ve The inverse- suju are test is metre - difl ie-ult t s p  ciii .
investigated this point in detail; the test li quid was especially in a small room , beca use iii the- r e f ic ’t - t i s sn
isopropanol (table 2). Two independent runs were of neutrons freim the sides and t h e  furni ture - .  I -i~s~
made using the (3, 0. 1)-mode of a lead zireonate’ the same equipment and conditions as before . ~ss uii e -
titanate cylinder of the type showti in figure I~a). tests were made on iseepropanol and mcire on tr , ’i in
The temperature in each (-ase was about 31 °C and 113 lt;reenspan and Tsebiegg, ltXioaI. We in si i t ’a ta ’
the ’ frequency about 40 kHz . An Am-Be source radiat- the results fuer the freon 113. At a fixed negat iva- I sra - ’-
ing 1.6 X 10~ n/s into 4ir was used. For the first run , sure 3 runs were itiade at e’aeh iii the distant-es (I .u) l -
the interval distribution was analyzed , and for the 1.09, 1.28 . L52, 1.83. anul 2. 11 me’ter. The itrt sdut t~ .
second , the events per unit time. (-H un t s/U n it  tit i se b~ ‘-eluare- isi ul i st ant -c- , were ave-r age-el

Run I :  With the source about I meter front the c-el i for the 18 runs anti used tt i t -a le -ul at u- th e -  e~~ l ss-s t s ’s i
the apparatus was run at constant negative pressure’ -es u fl t for each run. The ~ tt ’st ga%e ’ 1’- 0 1 % . I h a
until 245 cavitation events had tsc’curred; the times experiment was repeated at a h ira ’Ssu te an i~i le tu ds-  2 sl l$
were automatically recorded on a strip chart. On higher with  t h e  result P=022 . It thus  ah it t t ’ar s that
account of the dead time (1,31 sI 24 short intervals the cavitation rate at fixed pressure i’- pro 1c i i r t i t sra a l
were missed. The total of 268 intervals were arranged to ncuttuirt flux. West and Uowktt  119671 he ave tee-’-
in 8 groups and analyzed as shown ire table 2 using formed a sim ilar experiment tin tetrach lortie ’th ’s h ’ns ’
the ~~ test (Evans , 1955, t-h. 271. Nt ’ stat istically sig- using a h’ti-He source. They feel the inverse --square ’
niticant departure from an exponential distribution law to have been verified within the experimental
of interval lengths was observe-il and hence we may error,
regard the cavitation events as occurring individually
and -ollectively at random. b. Threshold

- - - - As a preliminary to the definition of a ne im tra ,n li tr e ’- .-f~sLa 2. Tess of rundorcsrcess tc,uen,& drteributiont. an csoprop eisso! - 
- - - - - - 

- 
-

- - hold we consider how thu~ t avitatme n rati b.1rle w il ls
the negative pressure , — p. 1,iebu’rntan II9~~I intr ss-

Cl*ss I • ,, , (x. — x..\~ cluced the concept of “effec tive sensitive- volume’.”
t.- V,; his argument may be paraphrased as follows. I,.

- - - — — — — — -  --—— - - - - — the hypothetical case of a liquid populated by identi c al
nuclei , upon each of whit -h cavitation usu -curs whi i’n

1 0 I 57 57.6 oo~ ever it is in a region in which the negative pressure ’.
2 I 2 53 45,3 1.309 —p. exceeds a fixed value 7’, called the thr eshui ltl . the
3 2 4 59 63.2 0.279 “sensitive volume,” V.. is that vu ilume in whi t - h i ,

6 ~ :~ 
everywhere. — p >  7’. During eaeh pen cil of the sin--.-

6 8 10 17 14.8 .327 sure oscillation , there is a “sensitive time. i,. d u r ing
7 t O 13 9 12. 3 185 which — p > 7’; this time varies with positit in in
8 13 24 I I  1 1 4  .014 being greater the greater the pressure amph itue lu ’ ant i

~~ ~~7 7  ~~~ 
zero at the boundary of V.. Then he defined

l2 t
F=6 

W IT

P =~0.73 I T is the period), to which the cavitati ein rate t u i gh it
—_-_- —— .__ _

~~~ 
be expected to be proportional under the assulni’d

•Ti me measured by length ! on chart , conditions. Lieberman calculated, by numerical in-
“Observed number of inienals of lengt h ( ‘ut-h that /s a ( < I ,. tegration , I”, as a function of — pIT for the -ase’ iii a

Espee-ted numbe r of intervals Irsim x,. = 268 [cap ( 0242 I,) spherical resonator (sound pressure amplitude variesrap (— 0.242 !~ J: 0.242 — mean number of events/mm. . .like sin kr/kr).
• - 

Ran 2: With the source at about 0.6 meter from the His curve, which we have extended elt swnwar u l , Is
a- eli, the negative pressure was adjusted so that about shown in figure 9. Shown also are our results ” iii
14 events occurred per minute (gross). Events were freon 113 for the conditions given in table 3. h i s  si”-,i
c ounted during 23 6~min runs. After adjustment for that  the cavitation rate increases In u re’ rapidly with
dead time (1.44 s/event) the counts were subjected negative pressure than does the ’ e’ffc ’c-tive y tilu tt i c - .

~‘ analysis. The results were From a similar experimental res itit l .iebu’rman
able to draw various conclusions about the ’ a t - t j s s , i  is i

= 24.6

F 22 “it,.ejjs ,-.k-vtMt... ,. ~~~~ ut,s, ii,,. .hsps- ,4 ,i..~ • ss-.. . ,,,-.,t , it,. . . , . , . -  5 , - i , , , , 
,u, d5ifltnanm.

5) — (% ~~ ‘ 11,.’ ,,‘.ut,. 4 1  .‘h.’.s,.., j iwil •,, p.niss. . .,. ,5...td.,i.,-t , i t,. . ,,,. it , - .- . -.1 5. .~— 
‘ - .,,d H,...t.-.i i%~I. ,., i.-se~~-isk....-ih~4.-aw. ,.e, .hfi.-e.-.,t
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FIGuas 10. Caviio.Sion rote ters us negatiia - press ure for  j our !IquIti3
OO:~ •~~~~~~ s~~~~s ~~~~ to~~~~~i2 ~~~~ron irr ~~~~~ed.

S.. sobS, 3 1... .-e.thsi.is.. -rS. .,d i. “r .-,.. ..p..d. a.. (507/mm r... Fn ’.n i i  7
— p, OB cc T so tOtress Ii., ss.tlsyt aks~~.i s.c I. O.37~.ss Is, ss,t,n,,,5 .I.-.,k...t 5 i, .,4 p. , 047I..,s~ C.,,

di.a*s~i eih.r lxi.
ha .t N~ 9 Cut-atat s ea, rate . ‘eraMs $egatmw pressure for freon I l l ;

a,esuroau j r ,ad*osed.
‘ s~~Is 4.., ,‘.sd,ems, L,.b..s,.. e .Ss,is.. ....sii, . ,..ls ~~. .. .4., ’,.. ss a.b.c,.0

neutrons in nucleating cavitation. These matters are As can be seen from figure s 9 and 10, if a neut rcsn
beyond the scope of this paper; we only remark that source be placed adjacent to the cell , the tiperat esr
we have made some rough measurements using nearly can find a value of the electrical readout below which
masnesergic neutron s which support Lieberman’s ideas. cavitations occur rarely and above which they occur

Part of the freon 113 data in figu re 9 is shown again at a rate of several per minute. The procedure is
in figure 10 together with data on methanol , isopro- subjective and the reading obtained depends some-
isanail. and ether. The ordinates have been normalized what on the neutron output of the source and on the
as ‘.heiwn in table 3. which also gives the test condi- effective sensitive volume in the liquid , but neverthe-
t iesna . Although the actual cavitation rate spans the less it can in most cases be reproduced to within ± 1
range 0,37 per mm (in freon 113) to 680 per mm (in dB at worst and often to within ± 0.2 dB. Such readings
methanol), the points fall reasonably well on a universal are arbitrarily taken to correspond to thresholds ,
t u n e ’  although systematic differences from liquid to and from a series of them taken at various tiver-

ether) . The result is consistent with the following: the particular source is gotten as described in sc-
litjuid are unmistakable (compare isopropanol with pressures, a “neutron threshold” corresponding to

il the cavitations are “single.particle” events; tion 2.4b. The main advantage of the procedure is its

show differences between the neutron spectra be comparable to those obtained by others. Unfe ir-
t2 the range for — pIT. about 6 dB, is too small to speed and ease. It is desirable that our threshcilds

ai f Am.Be and Pu’Be at their upper ends; tunately very few thresholds for (a, n) sources have
131 asver the same range, geometrical effects (V ,) as been measured. For n-pentane, Lieberman 119591

between cylinders and cones are not large, got 2.1 bars in the room temperature region; we got
about 1.3. For acetone hi~ values average to 5.5;

Ta.i.z 3. Test cosdisreos f .rf igitres 9 wad 10 ours is 4.8. We have a private communication from
— - - - - - -  C. West IHarwelli giving 6.5± 1.2 bar in tetrachloro-

Liquid Fuss. Mstk1.1 1J  ~~ ethylene, not far from our 7.8. These are all we can -m $ 3 .Sr.4..i
__________________ — find, and although the agreement seems marginal,

~~~~“ ~~~~“ ~~~~“ 
~
‘
~~
“ those familiar with cavitation data may find it rather

.:... ma.. 4, I... iV I.S x IS’ L5x IS’ I.6~ lad good. Both authors cited worked at about 20 kHz ,Drums...,.. CI Pt CI
c _ PS I Cs I-i s” n and our results are for 28 and 35 kHz in n .pentane ,
Ts’isp..uum ’tl - - - .  31.5 ~~4 3 55 *5r...,,s,ss. -, bib.  34.7 37.4 31.3 44S for 40 kHz in acetone, and for 49 kHz in C2CI4. We
\ .h..ti,sI,.,1s., 0’  007 0 0.37 0.47 have made this comparison because there is st ime

evidence that the neutron threshold depends little
~ ,.sn. .O.~-..i a., -i-l.

.-,,a.~,, a. ~, o. ~, ..,. ~~,. ... h. ,. ~.n oo ~, ~ ~~ , on frequency in the range 20—60 kHz , at least; never~- t ‘.sus.t IsiS. m.id asSess.. ire ?a~~ i~ ~ l~~ ~~
. theless this point requires investigation.‘C .,asoea.esFs.Ss ~~~~~~~~~~~ is 54.. .,sEa.i. “I~”
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T~ai~. 4~~~ ,,n.e neutron thresholds. Pu-Ke scare,- TABLE ~ - \ r  411011 1llli ,liol,l I , , , , , ,  l u4F l , , 1a  .‘S la-, l

- ~~
, - . - - = -~ -- - -- — - ~-= .--- - - ----

~~~ ----

I I I , .  I5,,,~h..W — — -
t ,’pu, ’I 4..,EI,n~ Ta’mp. q..r... y l.,ta.ol~ 5i- I 

~~~~ - 

— -

- - - -— f_
~~~~~

_ - - — - - Neutron Thr,-~I...ItI . liar
c L~ J ~ 

--

ta .,, I 
— - — 

Nh—V I-’rt’. in 113 ~li-t Isa,iol Etha,,. ii
7irt5,~~ ,a , i~It .li 64 7  27 ~~ 

- - -— -

:1 - - - 714 
- 

42 I. i. 2,5 ll) t d, n)He51 4.4 10,4 I~1.4
l I 7 S  ~~ 

~~~ ~~~~ 

7 29 III 
- 

55, ~~~~~ - - -  - _ _ -
I-.,, 2

s-P.sc... . c: ,H -
~~~~ ~~~~ 1 - -a i s

- _ ~~‘-~ I ~ ~~° density, thermal expansiain c- t i e- fl i t - ic - n t . surta -e tc-n-
• ttrsore , i .H,. 1.5 7 24.7 I 45 2 4  4 - - - I -
s_ Il,.... . d:.H,, 

_______ ~~~ 
35 2.7 sscrn ,  slwc-ihc heat. and latent heat Iper mes lel : - %et

— 
7 t hey have about the sam e thresheild at (say ) 27 °C

- . — — although the vapor pressure cif frecin II at this tern-
~~~~~~~ i : JI,j 34.6 24.a 77 5. 9 ib i - _ - _ 

-
DrubsimI,... I ,HJ i  v.4 s~ i~ ~~ perature Is aimtsst twice that ut fi - eun 113.
F... .. iLl. i .CL.E 476  0 so 38 l.a 5. Note ho w the c- fle( -t s of atomic (-omptis it isin can
F,.... I i7 . t:A :t,o~, -~ ~ fri be separated from those of gross ph ysica l j irupt -r-
~~~~~ ~~~

- . 
- :::..:::::: :::::::::::: ~~ ~. ~ ~ ties. Examples are the isomers 1-prop ancil asIc] 2-

En~..a I I I  c:.i :i.y,. - 29 47 t a  if ~ propanol in part 1, and the pair 1-hutan ol in part I
Fn-.. i t . c t I , F   23.7 26.5 44 5. 7 g and diethy l ether in part 2, bot h of which are (9H~

,,().
Fn-... I i , t . 5 J,5, - ___ ~

_f~
__ __~~~~ — _~~~ __ ~ 6. Part 5 is included to show a liquid . met lI~ lcnc’
~~ “ ~ ch l o ride , iii which the neutr on thre shul i ls a~ measure -i l

Csk ~l ~~~~~~ t: ,H~~ 4 1 •~ ~.i Ir. vary irregularl y w ith frequen cy even thci cigh th s-
Ls541 b.. idr. t ,H.SI, . - - ~~ ~ ‘

~~ original data look good. We suspect that the sens i t i v e
l a.i, ’.. s.aus,-hS,n4,. c:i, I ~ ‘-~ ‘u vol umes were sci small in relation t e s thc- available
Tso hhmmabs ~ as. ( ,Hd I. - - - 56.7 30 45 47 III - -
1.’a,.-kIm.ackylms.. C ,l I. 151.5 27 J 49 7_ s (Si neutron flux, and varIed so muc-h fro m fre quc-to -y tc s— — frequency, that the measured “thresholds” art- nu t

V.sh7Iss. - hS.nds. CH,t-t, ~~~~~~ F-a.~ 35 ~ 
comparable. The neutron thre sholds as defined would

7kik~ims.-rkI.n~i.. CH,( t . - 772 4~ S.I 0 be much more determinate if the source here either
1 ~ ~ I large r , more nearly monoergic, at r both ,

—__________ ~~~~~~~~~~~~~~~~~~~ ~~~~ - — - - Some miscellaneous results are given in part 4.
‘Ie I. TiO.,-øa.d.r. 7S s t tb ,  75r . .  h~ 4., I3. 0. tl- m.ds.. 7.. ku,, haL
‘CO .usl .-asarsi Risk. m..dr askaasn. S.. I.~u.. 3~itS .I ~aswat Rut.. m..d. ..sbsasis . S.. Siss’. 3 c. Thrs.hold V.nus P4esatron Enesgy

.4 pSi... bus .. .4..... (re es.ps.m...
1. lead W.sasso-usanw r74.sd.r . 7.5 -i. 0D b, ?.Srm bi .h.l3~0, iLmod. ~~ ~~ss~ We have made some preliminary nteasure-meitts ap i

t.,. s., .~~. ~ob,s. . threshold as a function of neutro n energy. In table . it
Oad,.. Su.L as.h.os. S.e~~~ue3 is tentatively presumed that  what are be~ng seen in the-

Pu-Be source are the neutrons of maximum energy.
The 2.5 MeV neutrons are from the D — D, an d the ’
14 MeV , from the D—T, reaetions)’ The results are

Some neutron thresholds obtained by the method probably only rough because the neutron gd-ne-ra t s.,-
described are given in table 4. These are intended to was operated near its minimum tiutput where- Ihc ’ lIu~be illustrative only, but some possible trends emerge. is both unknown and irregular. The implicatiam s sif

1. There is some evidence for frequency inde. these results with respect to a prin cip le fo r neutron
pendence Ipart 1. methanol: part 2, freon 113; P~1t 4, spectrometry is obvious.
ethyl bromide).

2. In a homologous series, the neutron threshold in-
creases as the series is ascended. Part I lists 4 flor~ 4,3, Alph.-ft.cadl lnduc.d Cavitation
mal alcohols and part 2, two normal alkanes.

3. In general the threshold decreases as the tern- . . - - . -
perature increases. The dependence is stronger for - 

An a-emitter dissolved in a liquid provides cavltu -

temperatures closer to the normal boiling point. ti cin nuclei in any concentration desired
See parts 2 and 3. To interpret the results for freon 113 and Tschiegg, 1966 a, bJ. As Riepe and 

- 

ahn 11961
(part 3) this way we have to suppose that these thresh- who worked wtth a-emitters i n s  bubble ehamlie r have
old~ are subject to an e rror of at least 0.2 bar . pointed nut , the heavy reeeiil niu-le-us , a l th t stsg h ii

4. One gets the impression that , other things being
eeiual, low boiling liquids have a lower threshold than ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1~.’~~ :’~~ Z;.
high. However, freon I I  and freon 113 contain the
same elements , and have approximately the same i.,. ms~~~~ .‘a,l.hl. .ad .,,.,.s.np it.. aeon.., 5rn5-,.s.x
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-arri t- t l c sn ly about 2 percent of the total energy, is the prt svide about 100 a’s/w i n  of energy 6.05 \IeV. F i v .
responsible agent , because of its very small range rela- csther a-emitters art- also present: their a energies
tive t a t  that of the a-particle. Indeed the range is in range from 4.00 to 6.77 Me-V.
flh ais t t-ases sas small that all of the energy is deposited The results are shown in figure I l  superimpuised d inin the immediate neighborhood of the impending cavi~ Lieberman’s V, curve in such a way as to give thetat iutn . so that if all disintegrations were of the same
energy all cavitation nuclei would correspond to the best fit by eye. The dashed curves arc drawn t s p

same- threshold. In this case the function , cavitation show the errors in the cavitation rate -s iiraiduced l~ a
rate versus negative pressure, would be expected to be ±0.2 dB drift in the apparatus. The methasi ss l re-suits

nearly the same as Lieberman’s effective sensitive show good agreement as wcs u l d be expected if only

vu tlume function alread y discussed and shown in the ThC disintegrations were effective and the
figure 9 ether results indicate that the - lower’energy disinte--

grations c ome into p lay as the negative Pressure-
~ -e have made measurements on methanol and on increases. It is hardly likely that ,sne- situalicin Pr evail s

cliethyl ether; the a.emitter was u srdinary reagent. bir methanol and the t ither fur ether, s,s the re -stilts
grade thorium nitrate at a concentration of 3 g/l, must be considered as preliminary tcs  further work
which corresponds to about 300 disintegrations per with single-isotope solutes. The “a-t hreshold s” were -
minute (dpm) for the parent and each daughter in 11.0 bars for methanol and 4,0 bars for ether.
equilibrium with it. The age of the salt is unknown ,
but rough a.range measurements in air show that a
-nnsiderable amount of the last a-emitter in the chain 4.4. FissionIThC’) is present. The ThC’ has the highest a-disinte.

gration energy, 8.95 MeV , in the chain, and if in
equilibrium would yield 200 a’s/mm on account of Messin~ , et al. (19631, reported that  the cavitati sm
branching in the decay of its parent , ThC. which would threshold of water was lowered from 1.6 to 0.55 bar

by the addition of 5 percent uranyl nitrate. and as-
cribed the result to fission of the U ~~~ fracti t sn 0.7~
by cosmic neutrons thermalized by the waler. In
spite of the low cosmic-neutron flux the hypothesis is
consistent with the authors ’ view that the cavitation
nuclei have a long lifetime , although it is not c-lear

- . peting sources of spontaneous fission in U~° and of
- 

- 
- the laboratory neutron source (see section 3.3).

— We have observed fast fission in soluticins of thor ium

I OOC 
- 

I 
I that the authors gave due consideration to the corn-

— — nitrate in isopropanol and in methanol, at thresholds
500 ~~~~~~~~~~ - 

_ 
— - not very well defined, but about 10 dB below the-

ç - 
j~~~

’

~~ 

: neutron threshold, The spontaneous fissicin rate as f
- 

Th~’~ is about 0.15/g hr and that from cosmic ne-u-
1 trons < 0.003/g hr ~Segrè. 19521.

/ / I - A solution of natural uranyl nitrate in c-lean waterz
/

- 

exposed to neutrons from our Pu-Be source cavitate-s
at negative pressures in the range 10 to 20 bars.
The events appear to be as abrupt as those induced~ : . , Y

- 
/ 

-— - 

~~~~ mediately as the source is encased. No such effec t is
by neutrons or a.recoils and cavitation (‘eases im-

//

> so 

~~~~~~~

— -t-

~~~

observed at much higher stresses if tither heavy/ I 

~ I metal salts are substituted , and with out doubt both— — - ________

thermal and fast fission are observed in the natural
I uranium , for which the fission cross sections are-

about 4 and 0.5 barns, respectively.

— 

- Uranium in methanol exhibits some peculiar fea-
tures. Many of the events leave large bubbles whi -h

~ ~ $ • ~ are trapped in the pressure nodes, and which lic’rsist
~~~, dS ~• 1 

until the sound field is removed, even though the- liquid
has been first degassed. It is difficult to say anyth ing
about the effect of cosmic neutrcin s on the - fission,
because we can remove our encased samn-e - 23 c- ill

~~~ s~ i i  ~~~~~~~~ rule VerSIIJ segasive p rewire for M~th4zf lol of paraffin) only to about 40 meters frc sm the ’ -e ’ ll . titas.! riley! etAer~ a — dial sle~srw io$s. this distance the output of the shielded susurc -(- is s t i l l
comparable to the cosmic flux. Only a few fissions perlb. ...l..I 5mo i, I ‘~~~56d5 ff

~~

n.e ..siM,~~ ..Ju.e i-un,.
I I,. 5~ .h.-.i h,,.., .ia,. .tsalba~.i ~oi tM hour are observed.
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