PHYSICAL REVIEW B

VOLUME 40, NUMBER 10

Tensile strength of liquid *He

J. A. Nissen,* E. Bodegom, L. C. Brodie, and J. S. Semura
Department of Physics and Environmental Sciences and Resources Program, Portland State University,
Portland, Oregon 97207
(Received 23 January 1989; revised manuscript received 19 June 1989)

Experiments to measure the tensile strength of liquids have often failed to reach the predicted
value, presumably due to the onset of heterogeneous nucleation. Since it seemed impossible to com-
pletely eliminate all heterogeneous nucleation, we adopted a strategy that minimized its effect. A
piezoelectric transducer in the form of a hemispherical shell was used to focus a short burst of ul-
trasound into a small volume of liquid “He. The onset of cavitation was detected by the scattering
of laser light. The experimental results both above and below the A transition are in agreement with
homogeneous-nucleation theory for a nucleation rate of approximately 10'° critical-size
bubbles/scm®. An apparent lowering of the tensile strength near the extension of the A line into the
metastable liquid is noted and discussed. This experiment extends the range of confirmation of the
theoretically predicted tensile strength of liquids to a reduced pressure eight times further into the
negative-pressure region than previous studies in any other liquid.
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I. INTRODUCTION

It is well known that most liquids exhibit a tensile
strength which is much smaller in magnitude than the
tensile strength predicted by homogeneous nucleation
theory. In fact, in only three liquids has the theoretical
tensile strength ever been reached. The tensile limits in
ether and n-hexane have been reached by Apfel! and that
of helium II by this laboratory.? This lack of agreement
for most liquids is often attributed to the difficulty of pre-
paring liquid samples free from inclusions of foreign
gases which freely expand when the host liquid is brought
into the metastable region, thus reducing the ability of
the liquid to sustain the tensile stress. Liquid helium oc-
cupies a unique place among liquids for tensile strength
measurements in this regard. Helium is a liquid only at
temperatures colder than 5.2 K, so that all foreign gases
are frozen out of the helium and are therefore unavailable
as gas pockets which act to lower the tensile strength.
Furthermore, due to the excellent wetting properties of
liquid helium (helium should have a near zero contact an-
gle with all solids), metastable pockets of helium vapor
residing on surfaces last only a few seconds under sa-
turated vapor pressure conditions and are therefore gen-
erally unavailable as heterogeneous nucleation sites.
The situation is even more advantageous in superfluid
helium, which has the ability to flow into minute chan-
nels and fill any cracks or pits, thus quickly eliminating
them as sites for nucleation due to trapped vapor.
Despite these advantages, the results of previous investi-
gators over the past 30 years have been in stark disagree-
ment with the theoretical tensile strength of “He.* ™2

Recent theoretical developments, however, cast doubt
upon the hypothesis that heterogeneous nucleation will
be absent for a substance, such as liquid helium, which
perfectly wets solid substrates. Thormahlen has calculat-
ed that for deeply undercut surface irregularities it is en-
ergetically favorable to create vapor cavities at the solid
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surface even for liquids with a zero contact angle.”* The
historic difficulty in reaching the theoretical tensile
strength in both helium I and helium II supports this re-
sult. It appears then that the absence of trapped vapor
pockets is not in itself sufficient to prevent the solid sur-
face from weakening the liquid, and so an experimental
method which is capable of reaching the theoretical ten-
sile strength despite the presence of heterogeneous nu-
cleation must be used.

For very rapid pressure excursions, the liquid can be
carried far into the metastable region despite the presence
of steady-state heterogeneous nucleation. This is possible
because the potential number of precritical nuclei avail-
able for homogeneous nucleation far outweighs the po-
tential number of sites available for heterogeneous nu-
cleation. The pressure excursion must be rapid to ensure
that a thermodynamic state deep in the metastable region
of the liquid is reached before bubble growth at hetero-
geneous nucleation sites has time to appreciably alter the
flow of energy into the liquid. This principle pioneered
by Skripov?® has been used effectively in the past to reach
the limit of superheat (which is also predicted by homo-
geneous nucleation theory) for many liquids including
liquid helium.?6~28

In this paper we report new measurements of the ten-
sile strength of liquid helium. The cavitation limit was
reached by focusing a short burst of ultrasound into a
small volume of helium and detecting the onset of cavita-
tion by the scattering of laser light. Over most of the
temperature range investigated our data agree well with
the homogeneous nucleation theory, thus verifying the
theory over a range of reduced pressures almost an order
of magnitude larger than previous studies in any other
liquid.

Section II gives the details of the equipment and Sec.
IIT describes the procedure. The visual observations of
the cavitation zone are given in Sec. IV. A description of
temperature corrections follows. Section VI gives the ex-
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perimental results and compares them with nucleation
theory. The entire paper is summarized in Sec. VII.

II. APPARATUS

Short bursts of ultrasound were focused in liquid heli-
um by a piezoelectric transducer formed in the shape of a
hemispherical shell. The transducer, made from Channel
5400 Navy I piezoelectric material, has an inside radius
of 0.625 cm and an outside radius of 1.043 cm. It was
operated in its thickness mode at the half-wave resonant
frequency of 566 kHz. The transducer was mounted with
its concave side facing up in order to prevent vapor bub-
bles from collecting on the inner surface of the transduc-
er in helium I. These bubbles were continually formed at
the Dewar walls and at the transducer during application
of power. The transducer was supported on the outer
hemispherical surface at two points by Teflon and at a
third point by a gold electrical contact. Electrical con-
nections were made with fine magnet wire soldered to the
electrodes of the piezoelectric ceramic. Care was taken
to minimize acoustic radiation into the connections and
supporting structure. Two grooves were cut radially into
the rim so that the focal zone, which lies half below the
rim, would be visible from the side (Fig. 1).

The driving signal to the piezoelectric transducer was
obtained from a function generator which was gated on
and off with a gate pulse typically 1 ms in duration. The
gated sinusoidal signal was amplified to provide up to 20
W of power, followed by a step-up transformer to provide
impedance matching between the power amplifier and the
piezoelectric transducer.

The helium bath pressure was monitored with an accu-
racy of +0.3 mbar by a capacitive pressure gauge. The
bath temperature was determined to within =10 mK by a
germanium thermometer which was calibrated against
the bath pressure and mounted at the same level as the
cavitation zone. With this arrangement the temperature

FIG. 1. Setup to observe the cavitation zone and measure the
pressure amplitude. A cylindirical lens was used to focus laser
light on the acoustic focal zone of piezoelectrical transducer T.
After being recollimated by a second cylindrical lens, the light
intensity of the zeroth diffraction order is monitored by a photo-
diode.
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could be monitored while the bath was slightly overpres-
surized.

The experiment was conducted in a 1.5-1 Dewar with
transverse optical windows allowing the use of laser light
to probe the cavitation zone, that is, the focal zone of the
hemispherical transducer. The transmitted light intensity
was monitored with a photodiode configured to respond
to signals with rise times shorter than a microsecond.
The He-Ne laser was chosen to detect the onset of nu-
cleation for three reasons. First, the light probe has pre-
cise spatial resolution, enabling the discrimination be-
tween cavitation on the transducer’s surface and at the
transducer’s focus. Second, the laser light can be used as
a pressure transducer via the acousto-optic interaction.?’
Third, laser scattering is more sensitive to small bubbles
than sonic detection, a method which previously was
often employed to detect cavitation. Neither method is
capable of detecting 2-nm bubbles, the critical radius for
observable nucleation rates. However, the scattering
cross section for light from bubbles smaller than the
wavelength of light is proportional to the number density
of bubbles,*® which is large under the conditions of in-
tense nucleation in the cavitation zone in this experiment.
The result is that by the time the bubbles have grown to
approximately 100 nm, the light that is scattered out of
the laser beam can be detected with a photomultiplier.
Even at these relatively large bubble sizes acoustic detec-
tion is extremely difficult because the resonant frequency
is high [on the order of 100 MHz (Ref. 31)].

III. EXPERIMENTAL METHODS

Two separate methods, which have been discussed in
detail elsewhere,>3?33 were used to determine the acous-
tic pressure amplitude at the focus of the piezoelectric
transducer. In the first method, the electrical power con-
sumed by the transducer tuned to its series resonance is
related to the acoustic power radiated into the liquid
through an equivalent piezoelectric circuit.>* The pres-
sure amplitude at the focus was then calculated from the
radiated power, the geometry of the transducer, and the
nonlinear absorption of sound due to shock waves.>> The
experimental error in measuring the pressure amplitude
by this method is estimated to be less than 10%.

In the second method, the acousto-optic interaction
was used to measure the pressure amplitude at the focal
plane of the piezoelectric transducer. Pressure variations
in the liquid cause periodic variations in the index of re-
fraction, creating an optical phase grating. When light is
incident at right angles to the propagation vector of the
sound, the intensity of the nth order diffracted light can
be calculated by the Raman-Nath theory in the case of
plane ultrasonic waves. It can be shown that this intensi-
ty is proportional to the square of the nth-order Bessel
function of the Raman-Nath parameter. This parameter
is linearly related to the pressure amplitude. In the case
of a profiled sound beam, as we have here, modifications
to the Raman-Nath theory are required.’>** The light
intensity of each diffraction order, however, can still be
related to the acoustic pressure amplitude. Figure 2 is
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FIG. 2. The Raman-Nath parameter as a function of the ap-
plied pressure in liquid helium at 1.9 K. The solid line
represents calculations using the modified Raman-Nath theory.
The ordinates of the data points are obtained from the light in-
tensities, and the abscissas are obtained from the acoustic power
method. The discrepancy at large amplitudes can be resolved
by taking into account higher harmonics of the sound wave.

used to show that data calculated with the modified
theory are consistent with the pressure amplitudes de-
rived from the acoustic power method. The Raman-
Nath parameter is plotted as a function of the pressure
amplitude at the focal point calculated from the acoustic
power transmitted into liquid helium. The Raman-Nath
parameter was obtained from measurements of the light
intensities. These data were taken using the apparatus
which was subsequently employed in the tensile strength
measurements. The error bars in the graph indicate the
uncertainty with which the pressure is known in the
acoustic method; the uncertainty in the Raman-Nath pa-
rameter is too small to be indicated in the figure. The
data agree well with the theoretical calculation of the
Raman-Nath parameter up to a pressure amplitude of 4
bars. The discrepancy at higher acoustic pressures is due
to the assumption that the acoustic wave is purely
sinusoidal. At higher-pressure amplitudes a shock wave
develops and the discrepancy can be resolved by taking
into account the light diffracted by the higher harmonics
of the acoustic wave.

A typical sequence of experiments for determining the
tensile strength is presented in Fig. 3. The oscilloscope
traces show the output of the photodiode, which detected
the zeroth order of the laser light diffracted from the cav-
itation zone. In the upper trace, the piezoelectric trans-
ducer was gated on at time zero. In 40 us, the sound
reached the focal point of the transducer and the light in-
tensity dropped as light was diffracted from the beam.
For the next 0.4 ms, while the output of the piezoelectric
transducer built to a steady state, the amplitude of the
acoustic wave at the focus increased, after which there
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FIG. 3. Oscilloscope traces of the output of the photodiode
monitoring the laser beam. The piezoelectric transducer was
gated on at t =0. After 40 us, the acoustic wave reached the fo-
cal zone, diffracting the incident light out of the zeroth order.
This reduced the intensity at the photodiode I, below the in-
cident intensity I;. As the pressure amplitude increased, more
light was diffracted from the zeroth order. If the acoustic pres-
sure amplitude reached a critical value, a strong signal due to
cavitation was observed. At point A4, bubble nucleation began
absorbing energy away from the acoustic wave, reducing the
pressure amplitude at the focus and allowing more light to fall
on the photodiode placed at the zeroth order. At point B, the
nucleated bubbles has grown large enough to scatter the laser
light and the light reaching the photodiode dropped to un-
detectable levels.

was no change in the light intensity. For the lower trace,
the driving voltage of the piezoelectric transducer was
slightly increased. More light was diffracted from the
beam, and a characteristic signal appeared at 0.2 ms due
to cavitation.

Measurements of the acoustic power radiated into the
liquid and of the light intensity diffracted by the ul-
trasound were made between 1.6 and 4.2 K, allowing
several seconds to elapse between gate pulses to prevent
warming of the bath and the transducer. The power to
each successive gated signal was increased until the
characteristic cavitation signal was observed between 0.2
and 0.5 ms from the start of the sound burst. If the delay
time to the onset of cavitation was shorter than 0.2 ms,
the output of the transducer had not reached the steady
state and therefore the power radiated into the liquid
could not be accurately calculated. Below the A point, if
the delay time was greater than 0.5 ms, there was the pos-
sibility that focused second sound emanating from the
transducer would arrive at the cavitation zone (the speed
of second sound is less than one-tenth the speed of first
sound between 1.6 and 2.17 K), thus increasing the un-
certainty of the liquid temperature.

At bath temperatures above 3 K, the calculation of the
focal pressure from the radiated power method and the
diffraction of light method were in serious disagreement.
This was because at warmer bath temperatures the inter-
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nal losses in the transducer were enough to cause vapor
nucleation on the surface of the transducer due to the su-
perheating of the liquid. Power was therefore lost from
the acoustic radiation to the growing bubbles and addi-
tionally the liquid was acoustically decoupled from the
transducer, which led to an unrealistically high calcula-
tion of the pressure amplitude at the focus. The problem
of superheating by ultrasonic transducers in liquid helium
is further exacerbated by an effect recently observed by
Bodegom et al. in which the nucleation rate at the sur-
face of a heater thermometer was dramatically enhanced
by low levels of ultrasound.’® The light diffraction
method of calculating the pressure amplitude at the focus
was unaffected by nucleation near the surface of the
piezoelectric transducer, and for this reason the acousto-
optic method of pressure measurement was adopted for
tensile-strength measurements in helium I.

IV. VISUAL OBSERVATIONS

By visual observations, it was easily verified that light
was being scattered from the focal zone of the piezoelec-
tric transducer at the same pressure amplitudes at which
cavitation was observed with the photodiode. The light
scattering was visible for a fraction of a second even with
a gate width of 0.5 ms. Using a spread beam and a lens,
an image of the focal zone could be projected onto a
screen. A dark plume was visible whenever the pressure
amplitude was the same as that at which cavitation was
observed with the photodiode. In helium I, the dark
plume could be seen for only an instant before it was
washed out by clouds of bubbles emanating from the
transducer surface. These later bubbles were caused by
the superheating of a thin layer of helium at the surface
of the transducer as the transducer warmed due to inter-
nal losses.

High-speed photographs of the cavitation zone re-
vealed that the cavitation and plume were fully developed
within 0.5 ms of the inception of nucleation and that the
cavitation was occurring at the focus of the transducer.
The plume, which was 0.14 cm long, cannot be accounted
for by the buoyancy of the bubbles, since in 0.5 ms the
buoyant force would move the bubbles an insignificant
distance. It was therefore surmised that radiation pres-
sure on the bubbles resulted in an acoustic streaming of
the helium within this time interval.

V. TEMPERATURE CORRECTIONS

The pressure amplitude of the acoustic wave in the
cavitation zone can be calculated from the acoustic
power radiated into the liquid or from the diffraction of
light from the sound field; but in order to compare the re-
sults of the experimentally derived tensile strength with
homogeneous nucleation theory, it is first necessary to
determine the temperature change that accommpanies
the pressure change. If no shock wave is present, then
the compression and rarefaction of the wave takes place
adiabatically. The temperature change can be estimated
from the thermodynamic relation

TdS =0=CpdT —TVapdP , (1
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where Cp is the specific-heat capacity at constant pres-
sure, V is the specific volume, and ap is the volume ex-
pansivity at constant pressure. Equation (1) can be in-
tegrated to find the temperature change if Cp and ap are
known as functions of P and 7. Unfortunately, very few
thermodynamic data are available for the metastable re-
gion in liquid helium. In order to obtain the best esti-
mate of the temperature change, Cp and ap were extra-
polated into the metastable liquid from the values in the
stable liquid region;* nearly the same result is obtained
by using the saturation values of the heat capacity and
expansivity at the bath temperature. The temperature
change was estimated from Eq. (1) for each data point
above the A line. The change in temperature from the
bath temperature was found to be at most —0.4 K for
the negative-pressure excursions in this experiment.

Close to the A line, the value of the heat capacity
diverges. As a result, the adiabatic temperature change
becomes vanishingly small as the A line is approached.
Below the A line, ap is negative; therefore helium II
warms upon expansion and cools upon compression. The
pressure excursion is, however, approximately isothermal
due to the very small value of ap in this region. There-
fore we expect no significant error to be introduced if the
expansion in helium II is considered to take place iso-
thermally in the temperature range of this experiment.

When shock waves are present in the liquid helium, ad-
ditional heating due to the absorption of acoustic energy
must be considered. To estimate the magnitude of the
heating, it is sufficient to examine the effect of shock
waves at 1.6 K, at which temperature the acoustic ampli-
tude is the greatest and the value of the heat capacity is
the smallest. Following Rozenberg,’ the shock wave is
formed at a distance r; from the focus given by the equa-
tion

ri=roexp(—1/0) , (2)

where r is the radius of curvature of the transducer and
0, is given by the expression

oo=€kry(Py/pc}) , (3)

where k is the acoustic wave number, 27 /A, P, is the
pressure amplitude at the surface of the transducer, and
¢y is the speed of sound in the unperturbed medium of
density p. The parameter € is related to the nonlinearity
parameter B/ A by the expression e=1(B/A)+1 and
ranges from 3.5 to 4.0 along the coexistence curve.*>3
The attenuation of the acoustic wave occurs within a
hemisphere of radius r;. If it is assumed that the energy
is absorbed uniformly by the mass of helium m within
this hemisphere, then the temperature rise AT is given by

AT=AE/mCp=25 mK , (4)

where AF is the acoustic energy absorbed by the helium
during the period of shock-wave production, here taken
to be approximately 0.2 ms. The energy absorbed, AE, is
the difference between the acoustic energy radiated from
the transducer and the acoustic energy arriving at the fo-
cal plane. The temperature change due to the absorption
of sound is thus seen to be negligible at bath temperatures



40 TENSILE STRENGTH OF LIQUID *“He

above 1.6 K.

VI. COMPARISON WITH HOMOGENEOUS
NUCLEATION THEORY

In reality the tensile strength of a liquid is not a single
value but can be viewed more clearly as a family of
curves described by homogeneous nucleation theories for
liquid-to-vapor phase transitions.>>*® These theories cal-
culate the rate of bubble formation and apply equally to
situations in which, for example, the liquid is brought
into its metastable region by stretching the liquid at con-
stant temperature, by superheating at constant positive
pressure, or a combination of the two methods. The rate
of bubble formation is calculated by considering the
minimum work that must be done to form a vapor bubble
in the liquid. This work of formation constitutes an
activation-energy barrier to the formation of bubbles by
thermodynamic fluctuations in the liquid. If random
fluctuations produce a cavity with a radius smaller than
r., the critical radius, which corresponds to the max-
imum in the work of formation, the bubble will tend to
spontaneously collapse. If, on the other hand, the ran-
dom fluctuations lead to the formation of a bubble with a
radius larger than 7, the bubble can only decrease its en-
ergy by growing. The further the excursion into the
metastable region, the lower the height of the free-energy
barrier; therefore, the probability per unit time that a
bubble will be formed with a radius greater than r, will
be greatly increased.

The rate of formation of bubbles per unit volume in
steady state J can be calculated from nucleation theory,
where the rate expression takes the usual activation ener-
gy form:
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J <exp(—W,/kT) , (5)

where k is Boltzmann’s constant, T the temperature, and
W, the work necessary to form a bubble with radius r..
Blander and Katz*® write the rate equation explicitly as

172 3
— 1670

_20 exp |——10TT"
3kT(Py,—P;)?

=N mmB

) (6)

where N is the particle number density of the liquid, m is
the molecular mass, o is the surface tension, and B is a
factor which is approximately 1 for cavitation and % for
superheating. In the laboratory the equilibrium vapor
pressure P, is the quantity that is directly measured,
rather than Py, the vapor pressure inside the bubble.
Therefore, it is convenient to introduce the Poynting
correction d relating P, to Py,

P,—P; =(P,—P;)d. (7
The Poynting correction § can be expressed as
5=1_IJ’V/PL+%(PV/PL)2 ’ (8)

where p, and p; are, respectively, the vapor and liquid
densities. p /p; is about 0.1 at 4 K and decreases rapid-
ly with temperature.

Figure 4 displays three theoretical curves based on
Egs. (6) and (8) for homogeneous nucleation in “He. The
change to the more recent surface tension data of Iino*!
has eliminated a slight bump near the A temperature
which resulted from the use of smoothed data to calcu-
late previously published homogeneous nucleation
curves.>*13242 QOne notable feature of this graph is that
even a small pressure or temperature change makes an

(K) CRITICAL
POINT

PRESSURE (bars)

FIG. 4. The theoretical nucleation curves for three nucleation rates. The curves for J=1 and J =107 critical-size nuclei are in-
cluded for comparison. The experimental data are consistent with a nucleation rate of J=10" critical-size nuclei/s cm®. Data
represented by the open circles were obtained from considerations of the focused acoustic power, while data represented by the trian-
gles were obtained from the diffraction of light due to the acoustic waves. The statistical nature of nucleation is apparent from the
scatter of the data. Curve 4 is the coexistence curve and the dotted line represents the expected limit of quantum nucleation.
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enormous change in the nucleation rate. Above 4 K, the
rate of bubble formation per cm® varies from J=10"1
bubbles/s (one bubble every 30 million years on the aver-
age) to J=10!° bubbles formed every second, within a
pressure change of a few tenths of a bar. The other not-
able feature is that at temperatures below approximately
0.5 K the nucleation theories so far discussed are no
longer sufficient to describe the fluctuations. At these
lower temperatures, quantum fluctuations are expected to
predominate over thermal fluctuations and the nucleation
rate should tend to become temperature independent.*>*?

The results of the pressure measurements corrected for
the adiabatic temperature change are graphed in Fig. 4.
The data are in agreement with Becker-Doring theory for
J=10" critical nuclei/s cm® over most of the tempera-
ture range. To see if this is reasonable, a rough estimate
can be made of the rate that would be necessary to create
one critical nucleus in the cavitation zone in one
negative-pressure excursion. For an aperture angle of
90°, the radius of the acoustic focal zone of the transduc-
er (i.e., the Airy disk) is 7/k, where k is the wave num-
ber. The volume used in this experiment was approxi-
mately 107° cm®. In each pressure excursion cycle, the
liquid was exposed to large negative pressures for a frac-
tion of a microsecond. Therefore, to have a high proba-
bility of producing one bubble, J must be on the order of
10'? critical-size bubbles/s cm®. This is the minimum
rate for homogeneous nucleation consistent with the ex-
perimental conditions.

More information on the nucleation rate is available
from the diffracted light. An examination of the
diffracted light intensity shown in Fig. 3 reveals that the
moment nucleation begins (point A), there is a dramatic
increase. in the intensity of the zeroth diffraction order.
Immediately after nucleation begins, the bubbles are too
small to scatter the light, but they are absorbing power
from the acoustic wave as they grow. The absorption of
power manifests itself as a decrease in the acoustic pres-
sure amplitude, causing an increase in the zeroth-order
light intensity. About 10 us after the start of nucleation,
the light reaching the photodiode reaches a sharp max-
imum (point B) and subsequently decreases to undetect-
able levels. The sharp maximum at point B is coincident
with the appearance of light scattered from microscopic
bubbles produced in the cavitation zone. At the sharp
peak in the photodiode output, the bubbles have grown
large enough to scatter the laser beam, after which the
light intensity decreases again.

The total energy absorbed from the ultrasound during
the time interval from the inception of nucleation to the
beginning of significant light scattering can be estimated
from the light-intensity curve. The energy absorbed from
the ultrasound during the interval from A to B is on the
order of 4 erg. The energy U stored in a bubble of radius
r is taken to be given by

U=4nr’o+(P,—P)imr® . )

At point B the average bubble radius is on the order of
the wavelength of the He-Ne laser light and P, — P; is on
the order of 3 bars. The energy stored in the average
bubble is therefore on the order of 10~ 7 erg. An estimate
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of the nucleation rate can now be made based on the ab-
sorbed energy, the volume of the cavitation zone, and the
time available for bubble formation. The result of this
calculation (making the rather extreme assumption that
all the critical size nuclei are formed in the first 0.1 us) is
a nucleation rate of J=10'" critical-size nuclei/s cm?®.
Since part of the absorbed energy is reemitted from oscil-
lating bubbles as random acoustic radiation and part is
used in acoustic streaming and heating of the cavitation
zone, this estimate should be considered an upper limit to
the nucleation rate. Moreover, the shock waves emitted
from oscillating bubbles may enhance the nucleation rate
once nucleation begins.

Thus a value of J= 10" critical-size nuclei/s cm? as is
indicated by our data, appears to be reasonable, since it
lies between the two extremes of J=10'2 and J=10"
critical-size nuclei/s cm?.

As an aside, it is interesting to note that an estimate of
the average rate of bubble growth can be obtained from
the time delay between the inception of nucleation and
the scattering of light from the bubbles. The bubbles
grow to approximately 100 nm in six acoustic cycles and
only grow during the negative-pressure portion of the cy-
cle. This provides the estimate of the average radial
growth rate on the order of 1 cm/s.

Special consideration must be given to the tensile
strength near the A transition. It is seen from Fig. 4 that
the tensile strength is lowered to the value one would ex-
pect for a nucleation rate of approximately 1 critical
nucleus/s cm?®. This rate is in disagreement with the ex-
perimental conditions. One may try to explain this
discrepancy by a systematic error in calculating the pres-
sure and the temperature in the focal zone of the trans-
ducer, since many of the physical properties such as the
speed of sound and the heat capacity are changing very
rapidly near the A transition. However, the agreement
between the two methods of determining the pressure
amplitude, which have differing functional dependence
on these physical properties, lends credence to the effect
being physical rather than an artifact of the calculations.

Of the possible mechanisms for heterogeneous nu-
cleation that could account for this discrepancy, the often
cited hypothesis of bubble nucleation on quantized vor-
tices deserves special attention since it is likely to be sen-
sitive to presence of the A transition. While the decay of
a vortex ring from quantum number n =1 to n =0 could
release enough energy into the volume of a critical-size
bubble to account for the enhanced nucleation rate ob-
served in this experiment,32 much of the evidence of va-
por nucleation on quantized vortices must be reassessed
in view of more recent data indicating that acoustic radi-
ation from quantized vortices may have been mistakenly
identified as cavitation noise.** Furthermore, the
enhancement of the nucleation rate observed in this ex-
periment occurred predominately above the extrapolation
of the A line into the metastable region. This is contrary
to expectations, and one would have to hypothesize a
large change in the slope of the A line or the existence of
small volumes of superfluid above the A transition to sup-
port quantized vortex production.

By analogy with the sharp peak in the heat capacity
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and the attenuation of first sound as the A line is ap-
proached, it seems probable that any enhancement of the
nucleation rate in this region is due to a relaxation effect
associated with the spontaneous thermal fluctuations in
the order parameter.** The exact mechanism for
enhanced nucleation near the A line, if this phenomenon
exists, remains obscure.

VII. SUMMARY AND CONCLUSION

Since helium remains liquid at low pressures to 0 K, it
constitutes in many ways the ideal liquid in which to in-
vestigate the limits of tensile strength. Because it is un-
likely that all sources of heterogeneous nucleation can be
completely eliminated, tensile strength experiments must
quickly reach deeply into the metastable region where the
resulting high rate of homogeneous nucleation will mask
any contribution of heterogeneous nucleation. We have
carried this out using a hemispherical focusing ultrasonic
transducer with laser light diffraction to detect the onset
of nucleation.

Within experimental error, the tensile strength mea-
surements were consistent with the theoretical homo-
geneous nucleation rate of the order of J=10'" critical-
size nuclei/s cm®. As was shown in an earlier paper,2®
most liquids follow a law of corresponding states for
homogeneous nucleation if the nucleation curves are plot-
ted in reduced coordinates P/P, and T /T,, where P,
and T, are the critical pressure and temperature. In this
work, we have extended the experimental verification of
nucleation theory to a reduced temperature T /7,=0.3
and a reduced pressure P/P.=—3.5. This latter
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represents an extension of tensile strength measurements
into the negative-pressure region approximately eight
times further than previously reported for any other
liquid.

Finally, we would like to point out the possibility of an
interesting critical anomaly. Although the data scatter is
considerable, there appears to be a suggestion of a slight
lowering of the magnitude of the tensile strength near the
extension of the metastable A line into the negative-
pressure region. Lending some credence to this possibili-
ty is the systematic agreement in the tensile strength
reduction as measured independently by both diffracted
light and the acoustic power radiated. This apparent
anomaly is inconsistent with the homogeneous nucleation
theory based on Egs. (6) and (8). It is perhaps unreason-
able to expect a theory which does not take cognizance of
the presence of a continuous phase transition (except
through the liquid density and the surface tension) to be
generally valid as the transition is approached. However,
further measurements would be required to clarify
whether this interesting tensile strength anomaly does
indeed exist.
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