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Experimental investigation of cavitation in superfluid He
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We present the results of experiments to study cavitation in liquid He at negative pressures. A fo-
cused sound wave is used to generate a negative pressure in a small region of the liquid, and the cavita-
tion is detected by light scattering. We have studied the cavitation as a function of the temperature and
static pressure applied to the liquid. We are able to observe the statistical nature of the cavitation pro-
cess, and to determine the nucleation barrier and the attempt frequency. The results for the attempt fre-

quency are lower than expected for homogeneous nucleation. We discuss the possibility that the nu-

cleation is occurring on quantized vortices. The tensile strength at constant pressure decreases slowly

with increasing temperature in the range 0.8 to 1.5 K, drops rapidly as the temperature approaches the A,

point, and then decreases slowly above T&.

I. INTRODUCTION

Unlike a gas, a liquid is held together by cohesive
forces, and thus, for short periods of time, like a solid, it
can sustain positive stresses, i.e., negative pressures.
However, after some length of time bubbles of the gas
will form (cavitation), and the liquid will rupture, i.e.,
boil. The rate of bubble formation rises abruptly with
negative pressure, and so there is a rather definite nega-
tive pressure at which cavitation becomes likely. The
magnitude of this negative pressure is called the tensile
strength of the liquid. Theories to describe the nu-
cleation of bubbles by thermal fluctuations in an ideal
pure liquid (homogeneous nucleation) have been worked
out by several authors however, the tensile strength
of most liquids is often much less than predicted by
theory, because nucleation is seeded by walls, impurity
particles, or dissolved gases (heterogeneous nucleation).
Naturally, attention has turned to liquid He, which can
be made very pure, and in which nothing dissolves except
He. Nevertheless, early experiments in helium gave

anomalously low values for the tensile strength. ' It
seems likely that these early experiments were in6uenced
by some form of heterogeneous nucleation. The experi-
ments used large volumes of helium which probably con-
tained particles of solid air, and positive and negative
ions resulting from the passage of cosmic rays. In addi-
tion, in several of the experiments heterogeneous nu-
cleation could have occurred on the walls of the helium
container.

Recently, Nissen et al. "' performed an experiment
in which ultrasound was generated by a hemispherical
transducer. This produced a pressure osci11ation at the
acoustic focus which was thus confined to a small volume
away from all surfaces. The use of a small helium volume
greatly reduces the chance of heterogeneous nucleation,
and it was found that the results agreed with the theory
available at that time (see discussion below). Shortly
after this, however, Maris and Xiong' ' discovered

strong theoretical evidence that He becomes unstable at
—9 bars, and that the predictions of the earlier theories
must be too high. They gave a corrected version of the
theory, and then repeated Nissen's experiment using a
similar apparatus. ' The new measurements gave a lower
tensile strength than the experiments of Nissen et al. ,
and were lower than the modified theory by about a fac-
tor of 2.

In these experiments it is very difficult to determine an
accurate value for the size of the pressure swing at the
acoustic focus. It is likely that this is the cause of the
discrepancy between the results of Nissen et al. and
Xiong and Maris. In this paper we describe several ex-
periments that we have performed that provide informa-
tion about the cavitation process, but do not rely on an
accurate pressure calibration. We have measured how
the acoustic amplitude required to produce cavitation
varies with temperature and with the static pressure ap-
plied to the liquid. In addition, we have studied the
statistics of cavitation, and used the results of these stud-
ies to determine the height of the nucleation barrier and
the value of the prefactor in the nucleation rate. The re-
sults for the prefactor suggest that quantized vortices
may play a role in the cavitation process.

II. THEORETICAL BACKGROUND

A first-order phase transition is nucleated by the for-
mation by thermal Auctuations of a microscopic seed,
which then grows to macroscopic dimensions. However,
the seed must exceed a certain critical size before this can
happen. For the case of the liquid-gas transition, the
standard approach is to assume that the free energy of a
bubble can be written as

F =4~R a — R'IPI
3

where R is the radius of the bubble, a the surface energy,
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and P the (negative) pressure in the liquid. While the
second term represents a free-energy gain from convert-
ing liquid to gas (neglecting the saturated vapor pressure
compared to ~P~), the first term represents the energy
cost of introducing the interface between the two phases.
The result is that F has a maximum value E
=16~a /3~P( at the critical radius R, =2a/~P~. Bub-
bles of radius less than R, will be driven by thermo-
dynamic forces to shrink rather than grow. Thus E
represents an energy barrier to nucleation. The rate of
nucleation I per unit volume and time thus has an ac-
tivated form,

I' = I'Oexp( E /k—tt T), (2)

where I 0 is a prefactor discussed below. If we apply a
negative pressure throughout a volume V for a time ~, we
may expect a cavitation event to become probable when
I Vv.) 1, which leads to an estimate of the tensile
strength

' 1/2
16~a

3ktt T ln(I'0Vv)
(3)

It can be seen from this result that the dependence of P,
on V and ~ is remarkably weak, this being the basis for
the remark in the introduction that one can consider the
liquid to have a definite tensile strength.

For nucleation of bubbles in a classical liquid Fisher
has given a discussion of the possible form of the prefac-
tor I 0. He considers the growth of the nucleus as a series
of chemical reactions by which the size of the nucleus in-
creases by one molecule. It is unlikely that this approach
can be applied to nucleation in a superfluid. We return to
a consideration of the prefactor in Sec. IV.

When this standard theory [Eq. (3)] is applied to liquid
helium, the predicted tensile strength rises from around 7
bars at T& to -15 bars at 0.4 K. Below this temperature
it has been predicted that quantum tunneling through
the nucleation barrier will dominate over thermal activa-
tion, and so the tensile strength will become independent
of temperature. However, Maris and Xiong' ' showed
that the compressibility of liquid He diverges at a criti-
cal pressure P, = —9 bar. The liquid is absolutely unsta-
ble below this pressure, and therefore it is impossible for
the tensile strength to ever exceed ~P, ~, i.e., the standard
theory must fail at low temperatures where it predicts
P, & ~P, ~. One can understand the source of the failure of
the "standard theory" as follows. In writing down Eq. (1)
it is assumed that the energy of the bubble can be divided
into a surface term proportional to the surface energy, to-
gether with a term proportional to the volume and the
applied pressure. This assumes that the radius of the
bubble is large compared to the width of the interface. If
the compressibility is large, however, the energy cost of
making an interface with densities intermediate between
the liquid and the gas is small, and the interface may be
broad, indeed, comparable in width to the size of the crit-
ical radius. Maris and Xiong' ' used a density function-
al theory to take this effect into account, and recalculated
the value of the energy barrier E and the tensile strength
P, . According to their calculation the tensile strength is

—5 —6 bars at Tz and increases slowly towards ~P, ~
as

T~0 K. In the Maris-Xiong theory the energy barrier is
calculated using a temperature-independent density-
functional scheme, and so the result for the barrier is in-

dependent of T. The efFect of temperature on the nu-
cleation barrier has been included in a recent calculation
by Guilleumas et al. ' Their results give a tensile
strength which is aboyt 20% lower than the Maris-Xiong
predictions at T&, but only 5% reduced at 1.5 K.

Even if the liquid is free of ions and solid impurities it
may still contain quantized vortices. Because the circula-
tion of liquid around a vortex line leads to a negative
pressure, it is natural to consider the possibility that vor-

tices act as sites for the heterogeneous nucleation of bub-
bles. Using a density-functional approach it is found that
a straight vortex line becomes unstable against a uniform
radial expansion at a critical pressure P„.' A simple
density-functional scheme gives P, in the range —6 to
—7 bar, and a calculation by Dalfovo' with a more so-
phisticated model gives —8 bar. Recently, Maris and
Balibar' ' have calculated the nucleation barrier for the
formation of a bubble on a vortex. As expected, they find

that at all pressures it is less than the nucleation barrier
in vortex-free bulk liquid, and that it goes to zero
smoothly as P~P„.

III. APPARATUS

STAINLESS STEEL CELL
A'A'A'A'AX%'AX'A'AX&'A'A'AQ&

PZTTRANSDUCER LENS

LASER

PHOTO
MULTIPLIER

TUBE

ION REGION

SAPPHIRE WINDOWS

FIG. 1. Schematic diagram of the apparatus used to study
cavitation.

The apparatus (Fig. 1} is similar to those used by
Nissen et al. "' and Xiong and Maris. ' We pass ul-

trasound through the liquid thereby producing cavitation
during the part of the oscillation when the pressure be-
comes negative. The transducer was a hemispherical
piezoelectric-ceramic (lead zirconate-titanate PZT} of
inner radius 0.8 cm and wall thickness 0.2 cm immersed
in the liquid and driven in a vibrational mode at 1.013
MHz. The concave surface of the transducer was direct-
ed downward, and a small hole was drilled vertically
through the transducer at its center. The acoustic waves
are focused into a small volume on the order of a half
wavelength in size. The advantage of this geometry is
that the small volume reduces the chances of heterogene-
ous nucleation, and the fact that the large pressure oscil-
lations occur away from the transducer prevents the nu-
cleation of bubbles at the surface. When the liquid is
above the A, point the energy dissipation in the transducer
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can heat the helium immediately underneath the trans-
ducer surface. If a bubble is somehow formed in this re-
gion, the bubble will grow and eventually disrupt the
operation of the transducer. The small hole drilled
through the transducer allows a bubble to escape into the
region above the transducer.

It is very difficult to make an accurate determination of
the pressure swing at the acoustic focus in this experi-
ment. As a first approximation, one could consider that
the transducer was driven in its thickness mode. Howev-
er, we suspected that there might be a strong coupling be-
tween thickness vibrations and flexural modes. To inves-
tigate this possibility we used a commercial software
package ' to calculate the normal modes of the transduc-
er. The results of this calculation showed that in the vi-
cinity of 1 MHz the modes were complex mixtures of
thickness and flexural vibrations. The elastic properties
of PZT are dependent to a significant extent on the de-
tails of the manufacturing process, and the uncertainty in
the elastic coefFicients made it impossible to make a reli-
able calculation of the vibrational pattern associated with
the particular normal mode chosen, or even to identify
the mode. In the vicinity of 1 MHz the spacing of the
normal modes was on the order of 20 kHz. The frequen-
cy 1.013 MHz was chosen simply because at this frequen-
cy the voltage drive to the transducer that was required
to produce cavitation was a minimum.

As in the experiment of Xiong and Maris, ' the trans-
ducer was located in a cell that was filled via a capillary
passing through the main helium reservoir. This filling
procedure should eliminate frozen particles of air from
the sample. We performed experiments both with He
containing the natural abundance of He, and with iso-
topically purified He, but no difference in the results was
detected. The volume of the cell was 300 cm . The cell
was attached to the pot of a pumped "He cryostat with
optical access and capable of reaching 0.82 K. The tem-
perature of the pot was regulated by feedback from a car-
bon resistance thermometer, and the temperature of the
cell was measured with a germanium resistance ther-
mometer immersed in the liquid in the cell. A room-
temperature mechanical gauge connected to the cell mea-
sured the static pressure, which could be varied up to the
melting pressure.

To excite the transducer we used a low-level gated os-
cillator to produce a pulse of 700-ps duration, which was
amplified before being applied to the ceramic. Voltages
as large as 60 V could be applied to the transducer, and
this was sufficient to produce cavitation throughout the
temperature range studied. Consequently, it was not
necessary to use any impedance matching network be-
tween the rf amplifier and the transducer.

Cavitation was detected optically, but could also be
seen by eye under some conditions. Light from a 10-mW
helium-neon laser was focused by a 30-cm focal length
lens onto the acoustic focus. The scattered light was
detected with a photomultiplier tube (PMT) (response
time —10 ps). We looked for an increase in the scattered
light as a signature of cavitation, unlike Xiong and
Maris' and Nissen et al. "' who mainly used the
change in transmitted intensity as a signal of cavitation.

A digital storage oscilloscope, from which the data could
be read by a computer, registered both the excitation sig-
nal and the PMT response.

IV. RESULTS AND DISCUSSION

Because of the uncertainties in calculating the pressure
swing at the acoustic focus we will present most of our
discussion of the results in terms of the voltage applied to
the transducer.

A. Qualitative observations

In the first experiments we studied superfluid helium at
saturated vapor pressure. When a small voltage drive
was applied to the ultrasonic transducer light scattering
could be detected in the forward direction (deflection an-
gle ~ 5 mrad}. We assume that this light has been scat-
tered by the density fluctuations near to the acoustic
focus. When the voltage was increased above a threshold
level the intensity of light scattered in the forward direc-
tion increased and we were also able to detect scattered
light at large angles (e.g. , at 90' to the laser beam). The
scattered light could easily be seen by eye. The threshold
voltage at which the extra scattering appears varied with
temperature. We assume that this light was scattered by
cavitation events.

The scattered light appeared to come from a cloud sur-
rounding the acoustic focus. The size and shape of this
cloud varied randomly from pulse to pulse. The size of
the cloud was of the order of 1 mm. No scattered light
was detected until about 150 ps after the beginning of the
drive to the ultrasonic transducer. We assume that this
delay comes from the transit time of the sound from the
transducer to the focus together with the time for the os-
cillation of the transducer to build up to its full ampli-
tude. Note that the onset of the scattering from the
cloud occurred before second sound waves could arrive at
the focus from the transducer; this provides evidence that
the heat dissipated in the transducer is not causing the
cavitation. The scattering from the cloud persisted for
several hundred ps after the acoustic drive was turned
off. When the laser was focused onto the region below
the acoustic focus the scattering from the cloud as detect-
ed by the PMT appeared at a time delayed with respect
to the time of application of the voltage to the transduc-
er. This indicated that the cloud drifted downwards
(away from the transducer} with a velocity of about 1 m—1
S

The scattering of the light from the cloud was observed
to be much weaker at large angles (e.g., at 90 ) than near
to the forward direction (within -50 mrad). The ratio of
the intensity per solid angle was in the range 10 —10

To understand these results one needs a theory of the
growth and collapse of the cavitation bubbles. Some cal-
culations of the dynamics of bubbles in normal liquid
helium under ultrasonic excitation have been performed
by Finch and Neppiras, but unfortunately, as far as we
are aware, a theory for bubbles in a superfluid has not
been developed. The collapse of a bubble in a superfluid
is likely to be significantly affected by the high speed with
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' 1/2

&=0.915 pR
P (4)

where the liquid is taken to be incompressible with densi-
ty p, and the effects of vapor inside the bubble are ig-
nored. (The surface tension tends to make the bubble col-
lapse even faster, but for bubbles at a depth of 3 cm
below the surface, the hydrostatic head is greater than
the Laplace pressure 2a/R if R &20@.) According to
this formula, in order for a bubble to survive for 200 ps at
a depth of 3 cm, its starting radius must be at least 100 p.
This is a surprising result since, taken at face value, it
means that the "cloud" that we see must actually be
made up of a very small number of large bubbles, or pos-
sibly just one bubble. It is conceivable that even a single
bubble could appear to the eye, and to a camera with a
1-ms exposure time, as a cloud if it were undergoing a
sufficiently rapid random motion in the sound field.
However, the angular dependence of the scattered light
appears to rule out the idea that the cloud contains just a
few large bubbles. A single large bubble (sufficiently large
that geometrical optics can be applied} would reflect an
amount of light from its surface proportional to
(n —1) /(n + 1},where n =1.028 is the refractive index
of liquid helium. In addition, light passing through the
bubble will be refracted. In the geometrical optics ap-
proximation the maximum angle of light deflection is

which heat can be transported in the liquid, which means
that the latent heat released when vapor condenses at the
wall of a collapsing bubble is less likely to raise the wall
temperature. In this context, it is interesting that the
scattering persists for so long after the acoustic drive is
turned off. If the rate at which the latent heat of the con-
densing vapor is transported away into the liquid is
sufficiently large, and we can neglect the compressibility
of both liquid and vapor, the collapse of the bubble is lim-
ited only by the inertia of the liquid. The time for a bub-
ble of radius R to collapse as a result of external pressure
P is"

is that their rate of collapse is limited by the speed with
which the vapor they contain can recondense at the
walls. We have not attempted an analysis of this process.
Another possibility is that, although the sound drive has
been turned off, the helium cell still contains acoustic
waves of an amplitude sufficient to affect the bubbles.
The damping of a 1 MHz sound in helium in the temper-
ature range 1 —2 K during a time of 1 ms is negligible;
the sound energy will become uniformly distributed
throughout the cell and the amplitude will decrease slow-

ly due to dissipation and sound transmission into the cell
walls. The total acoustic energy introduced into the cell
per pulse is of the order of 10 erg, and this means that
after the sound is uniformly distributed the magnitude of
the acoustic pressure fluctuations will be of the order of
10 bar. This is about 25 times larger than the hydro-
static head that drives the bubble to collapse. Thus, the
acoustic field may continue to have a large effect on the
dynamics of the bubbles.

Application of a static pressure to the helium had a
dramatic effect on the light scattering:

(1}The light scattering at large angles decreased rapid-
ly with increasing pressure, and at -0.15 bar became too
small to detect. The decrease was at least a factor of 10.

(2) The threshold voltage increased, as will be de-
scribed below.

(3} The time dependence of the intensity of the scat-
tered light with time was changed when pressure was ap-
plied. At saturated vapor pressure the scattered intensity
near to the forward direction varied irregularly with
time, and lasted somewhat longer than the duration of
the acoustic pulse. At pressures above 0.4 bar, the cavi-
tation signal appeared as well-defined spikes on top of an
approximately constant background whose length was
the same as that of the acoustic pulse. Figure 2 shows
typical signals obtained under these conditions. The po-

I I I 1 I I I

2 ——sin
1

2 n
=0.46 rad .

However, most of the light should be refracted
through angles smaller than the characteristic angle
2(n —1)=0.05 rad. One finds that for a large bubble the
ratio of the scattering I~ at 90' to the scattering Io near
the forward direction is

Ij /Ie=(n —1) /2=3 X10

In the experiment I~/Ie is found to be in the range
10 —10, and is thus much larger than would be ex-
pected for scattering from a single large bubble.

To increase the relative intensity of the light scattered
at large angles it appears necessary to propose that there
are a large number of small bubbles (size comparable to
or less than the light wavelength) that contribute to the
scattering at large angles. If this is the explanation it is
necessary for there to be some process that enable small
bubbles to survive for a few hundred ps. One possibility

-0.2 0.2 0.4
TIME (msec}

0.6 0.8

FIG. 2. Photomultiplier recording of the scattering of light
at an angle of 0.011 rad as a function of time. The intensity in-
creases going downwards on the plot. The data were taken at a
static pressure of 1 bar. The three traces were recorded for the
same drive voltage to the transducer. (a) shows scattering from
the density fluctuation at the acoustic focus but no cavitation,
whereas (b) and (c) show cavitation.
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sition of the first spike relative to the beginning of the
acoustic pulse was random. Sometimes there were multi-
ple spikes, which were often approximately periodic in
time [Fig. 2(c)]. As the ambient pressure is further in-
creased, the spikes become smaller in amplitude and
duration (perhaps because the bubble lifetime is ap-
proaching the response time of the PMT).

B. Observations of the statistics
of the cavitation process

We noticed that for voltages in the vicinity of the
threshold, cavitation occurred during some acoustic
pulses but not others, even though the drive voltage was
the same. We investigated the possibility that this was
due to the fundamental statistical nature of the nu-
cleation process. For a series of drive voltages and tem-
peratures we measured the probability S of occurrence of
cavitation, and the results are shown in Fig. 3. These
data were taken at a static pressure of 1 bar. To deter-
mine the probability we looked at the light scattering
from 100 acoustic pulses, and counted the number of
times that a signal characteristic of cavitation was ob-
served. In these measurements the amplitude of the pulse
applied to the transducer was constant to within +50
mV, and the variation in amplitude from pulse to pulse
was at a similar level. The stability of the temperature
was typically k3 mK. There was no dependence of the
probability of cavitation on the rate of repetition of the
acoustic pulses which was varied from 1 per 1.5 s to 1 per
10 s.

To relate these results to theory we note that if one
looks for cavitation in an experimental volume V, p

fof a
time ~,„ the probability of cavitation occurring is

S = 1 —exp[( —I'o V,„~v;„~exp( E,„z/kz T) ]—,

where E,„ is the value of the energy barrier correspond-
ing to the pressure in the experimental volume. Our ex-

where N is the number of cycles in the acoustic pulse, and
E(P) is the barrier height when the pressure is P. We
make the approximation that E varies linearly with P,
and that the variation of I 0 with pressure can be neglect-
ed in this context. Then one can perform the integrals to
obtain

m NI ok T
S =1—exp

(d lnE/d lnlPl)2E2a 3i2b'

Xexp( E;„/k& T)— (10)

If we approximate the spatial variation of P by the func-
tion sin(kr)/kr, where k is the acoustic wave number, we
obtain

periment is complicated by the fact that the pressure field
varies in space and time. There is a maximum negative
pressure P;„ that is reached at the acoustic focus once
during each cycle of the sound wave. At this point in
space and time the nucleation barrier takes on its
minimum value E;„.The experimental volume is rough-
1y the volume of the liquid in which the barrier is no
more than kBT greater than E;„,and the experimental
time can be thought of in a similar way. A more quanti-
tative analysis can be given as follows. Let us suppose
that for a particular cycle of the pressure oscillation the
minimum pressure occurs at t =0. We suppose that near
to the space-time point of minimum pressure we can ap-
proximate the pressure as

P(r, t)=P;„(1 ar )—(1 bt )—,

where a and b are constant coeScients, and r is the dis-
tance from the point where the pressure is minimum.
Then the probability that cavitation will occur at some
point during the sound pulse is

S = 1 —exp —Xf d Vfdt I'Oexp[ E(P)/k& T—], (9)

0

0.8
CQ

0 0.6
CC

0 4

0.2

0

0.9

x 23.20 V
22.76 V

o 2227 V

21.85 V

1 1.1

TEMPERATURE {K)

33/2Ng3~k 2 T2B

4m (d lnE/d»IPI)'E'
(12)

In this expression we have replaced E;„by E to simplify
the notation. To make a fit to the data we note that our
result for V,„~,„ is proportional to T . In addition,
based on the Fisher theory the prefactor I o is propor-
tional to T. (We discuss this point below. ) Consequently,
we have fit our results for S to the function

S =1—exp[ —AT exp( E/k~T)], —

27r2

32'
where A, is the sound wavelength. Similarly, taking the
time variation of the pressure as proportional to
cos(2~t/r), where v is the sound period, gives
b =2m /H. If these values for a and b are inserted into
Eq. (10) and the result compared to Eq. (5), we obtain

FIG. 3. Probability S of cavitation as a function of tempera-
ture for four di6'erent drive voltages.

where A and E are adjustable parameters, and the prefac-
tor I o is related to A via
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A T (d lnE/d ln ~P~ ) E a ~ b '
r,=

m Nks
(14)

The results for A and E are listed in Table I, together
with the drive voltage V and the temperature T, &2 at
which the measured probability S had a value of —,'. To
determine I'o from A we have to use a value for
d lnE/d ln~P~. If we assume that the nucleation of cavi-
tation is occurring in the bulk of the liquid, then we can
take the value of this derivative from the theory of Xiong
and Maris. ' ' For energies in the range around 30 K,
this theory predicts that d lnE/d ln~P~ is approximately
7. Using this value we obtain the results for I p that are
included in Table I. Given these results for I p and E we

checked the validity of the Gaussian approximation that
we used to evaluate the integral in Eq. (9), and found that
it was well-justified. We estimate that the uncertainty in

log]pI p is about 1.5. We remark that the uncertainties
quoted for E and I p are highly correlated; the combina-
tion E/(k~lnl OV,„r,„)is a temperature which in effect
determines the position of the transition in the data in
Fig. 3, and the estimated statistical uncertainty in this
quantity is only 0.003 K.

The results show that the prefactor lies in the range
10 -10 cm s '. Rather than attempting a compar-
ison with the theory of the prefactor due to Fisher, which
does not appear to be relevant to a superfluid, it is more
constructive to consider the problem from first principles.
The liquid contains phonons which will cause the local
pressure to fluctuate. At temperature T it is straightfor-
ward to show that the rms pressure fluctuation has a
magnitude

( (5P)2)1/2 —0.79Tz bar, (15)

TABLE I. The nucleation barrier E and the prefactor I o as
determined from the variation with temperature of the probabil-
ity S of cavitation. V is the voltage applied to the transducer,
T1/2 the temperature at which the probability S =—', and A is

the fitting parameter in Eq. (13).

V
(volt)

23.2
22.8
22.3
21.9

T1 /2

(K)

0.95
1.02
1.10
1.13

A

(K ')

1.4x 10"
1.1x 10"
7.9x 10"
5.9X 10'

E/kq
(K)

26.6+3
25.9+3
32.8+4
33.4+4

r,
(cm s ')

1p25.6+1.5

1024.5+1.5

1026.6+1.5

1p26.5+1.5

where T is measured in K. This formula is based on the
assumption that the pressure swings are suSciently small
that 5P can be considered to be proportional to 5p. If
there is a fluctuation such that the pressure exceeds the
instability pressure P, over a volume of the size of the
critical nucleus, then nucleation will occur. Pressure
fluctuations that extend over smaller volumes will not be
able to produce cavitation, even if the pressure exceeds

P, . The prefactor is thus the rate of occurrence of statist-
ically independent fluctuations that create the required
pressure swing over the required volume. For pressure
swings produced by thermal phonons, the pressure at a

particular point in space is correlated with the pressure at
the same point a time ~ later if ( v )r is less than 1, where
(v) is the average frequency of a thermal phonon. Thus,
we can consider that in the time-domain a "new" pres-
sure fluctuation is produced at a rate of (v) per unit
time. The pressure fluctuations are correlated in space
over a distance scale set by the wavelength of a thermal
phonon; for a typical phonon of energy 3k~T this wave-

length is

3k TB

38 A, (16)

where c is the sound velocity. Since A, is similar in size to
the dimensions of the critical nucleus, the pressure fluc-
tuations typically produced by the phonons are over a
length scale that is suSciently large to produce cavita-
tion. The pressure fluctuations are uncorrelated over dis-
tances greater than ( A, ); thus the number of independent
Quctuations per unit volume is (A, ) . In this way we
obtain an estimate for the prefactor of

r,= (v) /(X)'=(3k, T/h)'/c' . (17)

I' „„,=(v)/(A, ) =(3k T/h) /c . (19)

Thus at around 1 K I o is around 1.5 X 10' L„„,
cm s ', with L„,~ in cm . Thus, to explain the ex-
perimental results for the prefactor one would have to
suppose that the vortex line density was in the range
10 —10' cm . This high density of vorticity might be
produced by the ultrasound itself. Schwarz and Smith
have shown that vortex densities of 10 cm are generat-
ed by ultrasound at intensities of only a few mW/cm .
The pressure swings in our experiment are in the range of
several bars, and a rough estimate indicates that the ul-
trasound in our experiment reaches intensities of
kW/cm in the focal region.

It is important to note a limitation of this analysis that
we have given. We have implicitly assumed that the
height of the energy barrier can be considered to be in-

dependent of temperature. Without this assumption it
would be impossible to determine both the barrier height

If one were to consider a situation in which the size of the
critical nucleus was larger than (A, ), then clearly only
the fluctuations due to the low-frequency part of the pho-
non spectrum should be considered, and this would modi-

fy Eq. (17). At 1 K the value of I 0 given by this formula
is 2X10 cm s ', which is about 5 orders of magni-
tude larger than our experimental results, and
significantly outside the range of our experimental uncer-
tainty. This suggests that we may be detecting hetero-
geneous, rather than homogeneous nucleation in the bulk
of the liquid. If we suppose that this nucleation occurs
on vortices the prefactor would become

I o=I o,...tL"~

where L„,„is the length of vortex line per unit volume,
and I p „,„is the attempt rate per unit length of vortex
line and per unit time. If we apply the same ideas as
above to the consideration of the prefactor we would
have
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and the prefactor. The assumption of a temperature-
independent barrier appears reasonable in the tempera-
ture range where we have carried out the analysis of
S(T), i.e., below 1.13 K. The temperature dependence of
the surface energy and the sound velocity is very small in
this temperature range. However, it is clear that we can-
not use the analysis of S ( T) to study the barrier at tem-
peratures close to T&, or in the normal fiuid.

C. Temperature dependence
of the cavitation threshold

If the cavitation is indeed occurring on quantized vor-
tices, it is of interest to study the change in the cavitation
strength in the vicinity of the A, point. Quantized vor-
tices have only been observed in superQuids, and so we
expected that there might be a sharp increase in the ten-
sile strength on raising the temperature through T&.
To test this idea we made measurements of the tempera-
ture dependence of the cavitation threshold V„defined as
the voltage required to give a cavitation probability of —,.
Figure 4 shows the dependence of V, on temperature at
fixed density for four different densities. There is a
marked drop as the A, point is approached from below.
Above Tz the drive voltage increases with increasing
temperature. We have indicated in Fig. 4 the A, transition
temperature for the density corresponding to each curve.
A change in slope of V, vs T is seen to lie close to the A,

point at each density. This close correspondence is
perhaps rather surprising. The cavitation presumably
occurs at the peak of the negative pressure swing associ-
ated with the sound wave. This pressure swing will dis-
place the liquid in the P-T plane by a significant distance,
primarily parallel to the P axis but there will also be a
change in the temperature. Thus, if the static pressure
and temperature lie on the X line, it is not clear that the
liquid will still be close to the A. line when the cavitation
actually occurs. The fact that there is a change in slope
of V, vs T when the static pressure and temperature are
on near the A. line is therefore an interesting result that
needs further investigation.

We have also measured the dependence of V, on the
static pressure P„. Data taken at 1.2 K are shown in Fig.
5. V, initially rises linearly with the ambient pressure,
and then levels off. The results obtained at two other
temperatures (0.9 and 2.3 K) were qualitatively similar.
The signals became progressively harder to see at higher
ambient pressures. The character of the waveform of the
scattered light signal changed continuously as the pres-
sure was raised. This suggests that even at high static
pressures we are still observing the cavitation of bubbles,
rather than the nucleation of solid during the positive
part of the pressure swing.

The initial slope dV, /dP„of the curve of cavitation
voltage vs static pressure was observed to be almost in-
dependent of temperature. We used this derivative to ad-
just the results for V, vs T along the lowest density iso-
pycnal to deduce the dependence of V, on temperature at
a constant pressure of 1 bar. The result is shown in Fig.
6. This result for V, still decreases rapidly as one ap-
proaches the X point from below. Above Tz, V, contin-
ues to decrease, in contrast to the increase that occurs
along the isopycnals. The drop in tensile strength at the
A, point has also been observed by Nissen et al. ' We
have considered several possible explanations for the rap-
id variation of the cavitation strength in the range just
below Tz. The surface energy a of helium has a small
anomaly at T& and this must affect the nucleation rate
and cavitation strength. However, the anomaly is so
small that it is unlikely that the effect that we see can be
explained in this way. The sound velocity also has an
anomaly at Tz, and this presumably leads to a tempera-
ture dependence of the pressure P, at the limit of stabili-
ty. The temperature dependence of P, and the effect of
this on the nucleation rate has not been calculated. The
acoustic impedance of helium varies with temperature,
and so the coupling of the transducer to the liquid is not
constant; but it appears that this would raise the voltage
threshold near Tz rather than lower it. It may be
significant that the drop in tensile strength begins well
below the A, point, and that there appears to be no discon-
tinuity at Tz. This result indicates that the effect is due
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FIG. 4. Voltage threshold V, for producing cavitation as a
function of temperature at fixed density. The pressures indicat-
ed in the figure are the pressure in the cell at 0.9 K. The verti-
cal bars indicate the location of the A, point for each density.
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FIG. 5. Threshold voltage required to produce cavitation as
a function of the static pressure applied to the liquid. These
data were taken at 1.2 K.
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likely that the presence of the sound wave greatly in-
creases the vortex density. One could perhaps determine
the density of vortices in the focal region by measuring
their interaction with a second sound pulse.
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FIG. 6. Voltage threshold V, for producing cavitation as a
function of temperatures at a fixed pressure of 1 bar. The
threshold has been calculated by applying a correction to the
isopycnal data shown in Fig. 4.

to some property of the superfluid which approaches the
normal value as the A, point is approached from below. If
we accept the evidence from the prefactor determination
that we are seeing heterogeneous nucleation on vortices,
it would be necessary either for the line density of vor-
tices to increase rapidly as T& is approached, or for the
energy barrier for nucleation on a vortex to undergo a
large decrease. A rapid increase in L„,„as T~T& has
been predicted by Williams. ' He also predicts that
quantized vortices are present in normal liquid helium,
and thus a development of his theory might be consistent
with our result that there is no discontinuity in the cavi-
tation strength at T&. However, it is important to note
that Williams' theory considers the thermal equilibrium
density of vortex line, while in our experiments it seems

In this paper, we have demonstrated the thermally ac-
tivated nature of the cavitation process in liquid helium
near 1 K, and we have been able to observe the statistical
nature of the cavitation process. By measuring the cavi-
tation probability as a function of temperature we have
been able to determine both the activation energy E and
the prefactor I 0. This is in contrast to measurements of
the tensile strength alone, which can only give a com-
bination of the activation energy and the prefactor. The
results for I 0 are significantly smaller than the values ex-
pected for homogeneous nucleation, and this suggests
that this heterogeneous nucleation may be occurring on
quantized vortices. However, we find that the cavitation
strength has no discontinuity at the A, point, and hence
for vortices to be the explanation of our results it is
necessary to suppose that vortices continue to exist in the
normal phase.
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