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We report homogeneous-nucleation-temperature measurements in liquid “He over a
bath-temperature range 2.31 < T <4.62 K. These measurements were performed with the
use of a transient superheating technique. The nucleation data constitute a demonstration
of the quantitative accuracy of the Becker-Ddring nucleation theory in describing the first-
order transition kinetics in a quantum liquid, such as liquid *He, in a region far from the
critical point. A simple empirical form is presented for estimating the homogeneous-
nucleation temperatures for any liquid with a spherically symmetric interatomic potential.
The ‘He data are compared with nucleation data for Ar, Kr, Xe, and H,; theoretical
predictions for *He are given in terms of reduced quantities. It is shown that the nucleation
data for both quantum and classical liquids obey a quantum law of corresponding states
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(QCS).

On the basis of this QCS analysis, predictions of homogeneous-nucleation

temperatures are made for hydrogen isotopes such as HD, DT, HT, and T,.

I. INTRODUCTION

The problem of nucleated phase changes in meta-
stable fluids has been an active area of study for
many years. Such phase transitions are associated
with the existence of a thermodynamic barrier to
the formation of droplets of a second phase in a
homogeneous metastable parent phase. The so-
called “classical” nucleation theories, such as that
of Becker and Déring (BD),"? generally consider
the rate of phase transformation of metastable
states as a function of the degree of metastability,
which can be defined by the superheating or the su-
percooling of the liquid. The predicted rate varies
by several orders of magnitude within a narrow
range of superheating (or supercooling) of a liquid,
thus effectively defining a kinetic limit of metasta-
bility. This is the limit measured experimentally
and is commonly referred to as the homogeneous
nucleation limit or homogeneous nucleation tem-
perature, in the case of superheated liquids.

Much of the recent work in nucleation has been
focused on studying near-critical fluids,>~'* includ-
ing both one-component systems and binary mix-
tures. Without exception, the experimental results
have appeared to be in dramatic disagreement with
conventionally interpreted nucleation-rate formulas.
Recent theoretical ideas'!'!? offer a resolution of
this discrepancy by pointing out that the experi-
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mentally meaningful quantity is not the nucleation
rate itself, but the time required for the reaction to
go to completion. Near the critical point, overall
reaction rates are likely to be appreciably different
from estimates based on nucleation alone.

In contrast to the case of near-critical fluids,
homogeneous nucleation measurements carried out
in a number of superheated organic!® and cryogenic
liquids,'® far from the critical region, indicate excel-
lent agreement between experiment and Becker-
Doring theory. Whether one should also expect
such an agreement in the case of quantum systems,
such as liquids *He and *He, has remained an open
question. Dahl and Moldover’ have studied the
lifetime of superheated metastable states in liquid
3He near the critical point. Although their limited
data are apparently consistent with other measure-
ments in near-critical nonquantum liquids and
binary mixtures,'® nothing definitive can be con-
cluded from this regarding the validity of the classi-
cal nucleation theories in the case of quantum
liquids far from the critical region. In different ex-
periments, such as tensile strength measure-
ments'”!® in *He, anomalously low values have been
observed, contrary to theoretical predictions. It has
been speculated in this connection,'”!® that such
disagreement with theory could arise because con-
ventional nucleation theory might be inappropriate
for all helium liquids, since in these liquids the
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quantum-mechanical zero-point energy per atom is
significant in comparison to kT, the atom’s thermal
energy. It is possible that an essentially different
nucleation mechanism is involved, quantum rather
than thermal, as was first proposed by Lifshitz and
Kagan."

The central purpose of this paper is to address
the question of the applicability of conventional nu-
cleation theories to the case of a quantum system,
such as the helium liquids. We present here de-
tailed experimental results on nucleation in su-
perheated normal liquid “He, far from the critical
region, that are in excellent quantitative agreement
with the predictions of classical (BD) theory of
homogeneous nucleation. The experimental tech-
nique we employed involves the fast superheating of
a thin layer of liquid helium in contact with an elec-
trically step-pulse heated single crystal of bismuth.

A second purpose of this paper is to present a
systemization of the homogeneous-nucleation-
temperature measurements available for the con-
densed noble gases. We therefore make use of our
“He measurements along with data of others for Ar,
Kr, and Xe, as well as H,, to analyze the available
data and to formulate an empirically derived law of
corresponding states for the homogeneous nu-
cleation temperature.

We should make a point concerning the terminol-
ogy. The phrase “classical nucleation theory” has
become accepted in reference to the Becker-Doring
class of theories and we will follow this usage in
this paper. However, the word classical as used in
the above phrase does not mean “nonquantum
mechanical.” Hence classical nucleation theory can
remain valid for nucleated phase transitions in
quantum liquids. More specifically, one would ex-
pect that, since the derivation of BD and of more
recent nucleation theories rests primarily on kinetic
equations that make no specific reference to either
classical mechanics or quantum mechanics, these
theories should remain valid for the quantum
liquids whenever the nucleative driving force is the
thermal activation of nuclei over the energy barrier.

In Sec. II, we present a brief discussion of the
classical nucleation theory and its limit of applica-
bility involving nucleation due to quantum tunnel-
ing through the thermodynamic barrier at very low
temperatures. The experimental details of the tran-
sient superheating technique are described in Sec.
III, and the experimental observations are presented
in Sec. IV. In Sec. V, we discuss in detail the inter-
pretations of the experimental observations. A
series of arguments is presented to support our
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claim that the experimental data do indeed provide
measurements of the homogeneous nucleation tem-
perature in liquid “He. In Sec. VI, the experimental
results are discussed. The excellent agreement be-
tween our experimental data and the predictions
from classical nucleation theory suggests that
within our range of measurements no new mechan-
ism for nucleation, e.g., quantum tunneling, need be
invoked to explain the liquid-to-vapor nucleative
phase transition in a quantum system. In Sec. VII,
we compare our “He data with nucleation data in
condensed noble gases, such as Ar, Kr, and Xe, as
well as with H,. These data are further examined
from the viewpoint of corresponding states. On the
basis of such a corresponding-states analysis, pre-
dictions of the homogeneous-nucleation tempera-
ture are made for several hydrogen isotopes. Sec-
tion VIII is devoted to a brief summary.

II. THEORETICAL BACKGROUND

In the classical nucleation theories, the formation
of critical-size nuclei in the metastable (superheat-
ed) liquid as a result of thermal heterophase fluc-
tuations is described in terms of a thermally activat-
ed transition across a thermodynamic energy bar-
rier. The height of this energy barrier is determined
by the minimum work of formation W, of a criti-
cal (vapor-filled) nucleus. The rate of formation of
such critical nuclei is generally described by an
Arrhenius-type expression:

J=Jgexp(— W /kT) , (1)

where J, is an attempt frequency determined by the
thermophysical properties of the liquid and by the
dynamics of the nucleus formation process, T is the
temperature, and k is the Boltzmann constant. In
terms of the thermophysical properties of the
liquid, Eq. (1) can be expressed more completely
as!s
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where J is the rate of formation of critical nuclei
per unit volume per unit time, ¥ is the bulk surface
tension, N is the molecular number density of the
liquid, m is the molecular mass, B is a constant
(Bz%), P, is the equilibrium vapor pressure, and
P; is the ambient pressure. The Poynting correction
factor 8 relates P,, the vapor pressure of the liquid
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under an ambient pressure P;, to the equilibrium
pressure: 8=(P,—P;)/(P,—P;). In a narrow range
of superheating, the nucleation rate is extremely
sensitive to a small change in temperature. For ex-
ample, in the case of liquid “He at atmospheric
pressure, some 12 orders of magnitude variation in
the J value corresponds to a 1% change in T. Thus,
an effective homogeneous-nucleation temperature
T, can be defined. The kinetic coefficient in the
preexponential factor of Eq. (2) does not include the
modifications due to viscous and inertial forces that
affect the dynamics of nuclei growth. Following
Kagan’s prescription,” our estimate of the effects
of these factors shows them to be negligible in
determining the homogeneous-nucleation tempera-
ture in liquid “He.

The rate expression given by Eq. (2) describes
steady-state nucleation. Under non-steady-state
conditions, such as the transient superheating of a
liquid, Eq. (2) should be modified to include a time
characterizing the relaxation to a steady state. Such
relaxation rates have been reviewed by Abraham.?!
We use the form

J(t)=J[1—exp(—t/7,)], (3)

where J is the steady-state nucleation rate, and 7 is
the characteristic relaxation time for the establish-
ment of steady-state nucleation. Our estimate of
the relaxation time for superheated liquid “He over
a wide range of bath temperatures shows 7, to be
extremely short, varying roughly between 2 and 10
ns. Since this relaxation time is several orders of
magnitude smaller than the time scale involved in
our transient superheating experiment (as described
in Sec. IV) of 0.1 to 30 ms, J(¢) can be set equal to
J.

Returning to our earlier discussion of the rate of
formation of critical nuclei, we see that Eq. (1) sug-
gests that the rate of classical transitions by thermal
activation over the thermodynamic barrier should
decrease with decreasing temperature. Thus, the
rate of nucleation is predicted to decrease to zero as
T—0. On the other hand, at very low temperatures
in quantum liquids where the de Broglie wavelength
exceeds the width of the thermodynamic potential
barrier, subbarrier tunneling transitions with the
formation of supercritical nuclei in the metastable
liquid may become significant. In this case, the
probability of through-the-barrier tunneling transi-
tions should level off as T—0. Lifshitz and Ka-
gan'® were the first to consider the problem of
quantum tunneling nucleation. Using their model
of quantum nucleation, we have estimated a tunnel-
ing temperature T* below which tunneling starts to

dominate exponentially the Arrherius-type transi-
tions [Eq. (1)]. Our estimates of T* are ~0.3 K for
“He and ~0.2 K for *He. We emphasize that such
tunneling nucleation cannot be observed in an ex-
clusively superheating type of experiment because
tunneling is expected to become predominant at
negative pressures. However, it should be possible
to study such quantum nucleation by means of ten-
sile strength experiments. We estimate that rough-
ly, from the Lifshitz and Kagan model, one can ex-
pect to encounter such phenomena below estimated
negative pressures of —14.6 atm in “He and —5.2
atm in *He.

From the above discussion, we conclude that it is
quite likely that the conventional BD type of nu-
cleation theory should be adequate in describing
liquid-to-vapor homogeneous nucleation in su-
perheated quantum liquids without invoking any
new nucleation mechanisms.

III. EXPERIMENTAL

Our investigations involve the electrical step-
pulse heating of a single crystal of bismuth im-
mersed in a bath of liquid helium and subjected to a
steady magnetic field. A constant electric current is
applied at time ¢t =0, and the change in crystal
magnetoresistance ARp, resulting from the tem-
perature changes AT caused by Joule heating, is
subsequently observed as a function of time. The
AT of the crystal is relatively easy to determine be-
cause of the strong temperature dependence of mag-
netoresistance Rp of a high quality single crystal of
bismuth at liquid-helium temperatures. Thus, the
crystal serves as a heater as well as a sensitive ther-
mometer to measure the temperature of the liquid
helium in immediate contact with its surface.

The crystals were grown in the shape of a paral-
lelepiped and were approximately 6 cm long, 1.5
mm thick, and 5 mm wide. They were mounted in
micarta holders in a way to maximize exposure to
liquid helium and to minimize strain due to dif-
ferential thermal contraction. The holder was posi-
tioned with its long axis vertical at the bottom of a
conventional Pyrex double Dewar system, which
was located between the pole pieces of an elec-
tromagnet. The helium vapor pressure was mea-
sured by oil, mercury, and capacitance monometers
(Setra System Model No. 204) in different pressure
ranges, and the 1958 vapor-pressure scale was used
to determine the bath temperature.

The crystal AT was determined as a function of
time by observing the resulting ARp using a dif-
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ferential electronic technique. The variation of
magnetoresistance with temperature was approxi-
mately linear for AT less than 1 K. The tempera-
ture sensitivity S =(1/Rp)(dRp/dT) of the crystal
used for these measurements was 0.25 K~!. With
proper calibration of the crystal as a thermometer,
in terms of its temperature-dependent magnetoresis-
tance, the overall uncertainty in the temperature
measurement was approximately +10 mK, includ-
ing the effect of Kapitza resistance. The response
time of the bismuth crystal transient thermometer
was less than 100 us, so the temperature changes
that were on a millisecond time scale were ade-
quately reproduced. Complete details of the
bismuth thermometer and the associated electronic
circuitry can be found in previous publications.?>3

We have found that liquid helium in contact with
the surface of a bismuth crystal heater thermometer
can be superheated up to its homogeneous nu-
cleation temperature by applying a step-pulse elec-
tric current to the crystal. Such superheating be-
comes possible primarily due to the finite delay
time (30—100 ms) involved in the inception of
heterogeneous nucleation at the solid-liquid inter-
face. Therefore, if the heating rate is sufficiently
high, the homogeneous nucleation limit is reached
before appreciable heterogeneous nucleation can
take place. The existence of such a delay time in
cryogenic liquids has been reported previously.?*
The delay time, particularly in liquid helium, is due
to its excellent wettability which makes the presence
of vapor-filled sites on a submerged solid surface
very unlikely. Moreover, at such low temperatures
any dissolved impurity gases will be frozen. Conse-
quently, under transient heating conditions, in the
initial periods, the superheating of the liquid in con-
tact with the heater surface is entirely due to ther-
mal conduction. Heterogeneous nucleation does not
occur until an appropriate superheat temperature
and thermal boundary conditions are reached.?
These points will be discussed in greater detail in
Sec. V. A similar pulse-heating technique was first
used by Skripov and co-workers* to study the
homogeneous-nucleation limit in several organic
liquids.

IV. OBSERVATIONS

Typical superheat temperature AT-vs-time (f)
curves are shown in Figs. 1(a) and 1(b) for several
values of p, the applied power per unit area of the
solid’s surface. The AT-vs-t curves initially rise
above, i.e., overshoot, their steady-state values.
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FIG. 1. Superheat temperature AT vs time. Tran-
sient superheat temperature curves are shown for a
range of low and high applied powers per unit area.
The bath temperature is 4.2 K. The letters labeling each
curve represents the applied power per unit area in
mW/cm? (a) 5, (b) 9, (c) 15, (d) 29, (e) 41, () 72, (g) 58,
(h) 70, (i) 80, () 106, (k) 127, (1) 430 mW/cm?.

Each curve subsequently cools toward its steady-
state value after attaining a maximum superheat
temperature AT,,. For the relatively lower range of
values of p [Fig. 1(a)] the temperature overshoots
appear to be smoothly rounded in nature. As p is
increased, the maximum superheat temperature
AT,, of these overshoots becomes greater in magni-
tude and occurs at increasingly earlier times.

At somewhat higher values of p, typically above
30 mW/cm?, the temperature overshoots have two
distinct characteristics: (1) the transient superheat
temperature curves develop quite sharp peaks at the
maximum temperature, and (2) the maximum su-
perheat temperature AT, becomes a constant AT,,.
(within about 5 mK, the resolution of our experi-
ment), independent of p. Figure 1(b) shows signifi-
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cantly higher power transient curves and much
shorter time scales. [The significance of the dashed
curves in Figs. 1(a) and 1(b) is discussed in Sec. V.]
The constancy of the maximum overshoot tempera-
ture is illustrated in Fig. 2, where AT, is plotted as
a function of the applied power for several values of
the initial helium bath temperature T,. For exam-
ple, at T, =4.2 K, AT,,"is constant for p greater
than approximately 35 mW/cm? up to the max-
imum value used, roughly 420 mW/cm? (Fig. 2
only shows data up to a maximum of 120 mW/cm).
At each bath temperature, the portion of the curves
in Fig. 2 for which AT,, is constant corresponds to
a sharp peak in the overshoots on a AT-vs-t plot.
Note also in Fig. 2 that AT, increases with de-
creasing bath temperature.

At significantly higher powers, roughly above
400 mW/cm?, the sharp peak in the overshoot takes
the shape of a kink, and the temperature beyond
that continually rises toward a steady film foiling
condition. These kinks are found to be at the same
superheat AT, as the sharp peaks at any given
bath temperature [Fig. 1(b)]. The lowest bath tem-
perature at which the above behavior in the tran-
sient temperature response could be observed is the
superfluid transition temperature. Although it is
not shown in Fig. 2, as the bath temperature is

lowered through the A point, all indications of su-
perheating decrease by several orders of magnitude
and the overshoots disappear. Because of the high
thermal conductivity of superfluid helium, su-
perheating of the liquid was not possible with the
low powers used in our experiment. Presumably,
using much larger values of p and smaller volume
of liquid, this technique could be extended to bath
temperatures below the A point. (Recently, Rybar-
cyk and Tough?’ have succeeded in superheating su-
perfluid “He employing a different experimental ap-
proach.) The upper bath-temperature limit in our
experiment was limited to approximately 4.6 K be-
cause of the risk involved in pressurizing the glass
Dewar beyond 1.25 atm.

V. INTERPRETATION OF EXPERIMENTAL
OBSERVATIONS

In this section, we justify our interpretation of
the sharp breaks in the transient temperature
overshoots as resulting from the onset of homogene-
ous nucleation. We propose that the temperature
overshoots in the AT-vs-t curves result from a time
delay 7 in the onset of heterogeneous nucleation. In
the initial stages of heating, the liquid helium in
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FIG. 2. Maximum superheat temperature as a function of applied power. Maximum superheat temperature AT, is
plotted as a function of applied power per unit area p for several initial “He bath temperatures. For each temperature

AT,, approaches a constant value AT,,. as p increases.
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contact with the heater surface is superheated pri-
marily by thermal conduction. For lower values of
D, activation of nucleation sites begins at an ap-
propriate superheat temperature, depending on the
heating rate and the surface condition of the heater.
Heterogeneous nucleation then proceeds at a rela-
tively gradual rate because the potential nucleation
sites consisting of crystal surface irregularities are
randomly distributed in size, shape, and number
density per wunit surface area. The rounded
overshoots, observed at lower values of p, are the re-
sult. On the other hand, at higher applied powers,
approximately above 30 mW/cm?, the rate of heat-
ing is faster and the superheat of the liquid helium
layer adjacent to the heater surface reaches the
homogeneous nucleation temperature before appre-
ciable heterogeneous nucleation at the solid-liquid
interface can prevent it from doing so. Thus, the
sharp peaks in the overshoots that occur at a con-
stant superheat temperature AT, result from a
very rapid onset of homogeneous nucleation in the
superheated liquid-helium layer. The maximum
temperature gradient in the thermal boundary layer
corresponding to applied powers in the range of in-
terest is estimated?® to be of the order of 20 mK per
micron, and, consequently, the temperature differ-
ence across a critical-size nucleus of approximately
100-A diameter would be only about 0.2 mK. Thus,
the temperature gradients across critical nuclei are
much smaller than the quoted overall uncertainty in
our experimental measurement of +10 mK.

Because it may at first seem surprising that the
homogeneous-nucleation limit can be attained by
heating a solid in a liquid, we present the reasons
for our interpretation of the sharp temperature
peaks as being due to homogeneous nucleation. We
cite the following eight arguments in support of this
claim.

(1) Due to the excellent wettability (the liquid-
solid contact angle is near zero) and low surface
tension of liquid helium, the presence of vapor-
filled surface cavities is unlikely. Moreover, the low
temperatures involved preclude impurity gases from
being inside the cavities. Consequently, in the ini-
tial stages of superheating there are no active nu-
cleation sites on the solid surface to start with and
the superheating of the liquid helium takes place
solely due to thermal conduction from the heater
into the liquid. This fact is confirmed by the excel-
lent agreement between the observed superheat tem-
perature in the initial stages of heating and predic-
tions based on the assumption that heat is removed
from the solid surface by thermal conduction into

the liquid.?® Figure 1(b) shows the typical excellent
agreement of the temperature response predicted
from the conduction assumption (dashed lines asso-
ciated with curves g through k) with the observed
transient superheat temperature (solid lines prior to
the sharp peaks). In Fig. 1(a), the dashed curve
represents the locus of the points marking the in-
stances at which the measured temperature response
is observed to begin deviating from the predicted
temperature response according to the thermal con-
duction assumption. Such deviation in the tempera-
ture response is caused by the additional heat trans-
port due to convection and heterogeneous nu-
cleation. Thus, the dashed curve [Fig. 1(a)]
represents the locus of the effective delay time 7 to
onset of convection and heterogeneous nucleation.
If the superheating takes place on a time scale less
than 7, the liquid can be superheated up to the
homogeneous nucleation temperature by thermal
conduction without significant competition from
heterogeneous nucleation. The agreement between
the observed temperature response up to the sharp
peaks and the predictions from the conduction hy-
pothesis (dashed lines associated with curves g
through k) shown in Fig. 1(b) supports this assump-
tion that, in time scales ¢ <7, heterogeneous nu-
cleation is not likely to be significant in the su-
perheating process.

(2) The abrupt change in the characteristics of the
temperature overshoots from rounded to sharp
peaks as the heating rate is increased strongly sug-
gests that two different processes are involved. The
fact that the sharp peaks occur only at times less
than 7, is an indication that the sharp peaks are
caused by a sudden onset of homogeneous nu-
cleation in a thin superheated layer of liquid heli-
um. We believe the sudden drop in temperature as-
sociated with the sharp peak to be due to extraction
of thermal energy from the heater surface for
growth of the critical nuclei formed in the process
of homogeneous nucleation.

(3) The sharp peaks in the temperature overshoots
occur at a constant superheat temperature AT, in-
dependent of applied power. In our first argument
we show evidence that up to the development of the
sharp peaks, heterogeneous nucleation is not in-
volved. The characteristic constant superheat asso-
ciated with the sharp peaks further supports our ar-
gument because it is highly unlikely that a process
such as heterogeneous nucleation could produce a
temperature pattern with such reproducibility and
independence of the applied power. On the other
hand, the probability of homogeneous nucleation
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becomes significant only above a narrowly defined
superheat temperature range and the resulting nu-
cleation process is extremely rapid. The value
AT,,. has been reproduced at any given bath tem-
perature with different bismuth crystals of varied
surface conditions, using both an electropolished
surface and surfaces filled with etch pits. The lack
of influence of the surface microgeometry on AT,
is further evidence that the sharp peaks are not due
to a sudden onset of heterogeneous nucleation. In
contrast, the homogeneous nucleation temperature
is a characteristic property of the liquid only and
does not depend on the microgeometry of the solid
surface.

(4) We found that once nucleation takes place on
the surface, it takes several seconds before the nu-
cleation sites are deactivated, i.e., become refilled
with liquid helium. If the heating current is turned
back on before that time, the effects of preexisting
active nucleation sites can be clearly observed. Such
effects manifest themselves through the lowering of
the peak superheat temperatures of the rounded
overshoots at any given applied power. The effects
can also be observed in the case of those sharp
peaks associated with relatively lower power values
(around 30—40 mW/cm? at atmospheric pressure).
Fast repeated pulsing tends to make these sharp
peaks rounded. However, at higher power values,
the influence of the preexisting active nucleation
sites is of diminishing importance. This can be in-
ferred from the fact that the higher power sharp
peaks are not affected and the original characteris-
tic constant superheat AT,, associated with such
sharp peaks can still be observed. The only differ-
rence in the case of preexisting active nucleation
sites is that the AT,,-vs-p characteristics shown in
Fig. 2 are shifted slightly toward higher powers.
This result is consistent with that of the pulse heat-
ing method?® used in organic liquids in which it was
observed that at high heating rates, attainment of
homogeneous nucleation temperature is possible
even in the presence of active nucleation sites.

(5) The experimentally determined superheat
values AT,,. over a wide range of bath tempera-
tures, from 2.31 to 4.62 K, are found to be in excel-
lent agreement with the predictions of the homo-
geneous-nucleation theory [Eq. (2)]. This is dis-
cussed in greater detail in Sec. V1.

(6) Similar transient superheating experiments
which we performed using platinum wire in liquid
nitrogen and oxygen are consistent with the obser-
vations in liquid helium.” Excellent agreement
with theory has been observed in all cases over a
wide range of bath pressures. Moreover, the incep-

tion of nucleation in the case of liquid nitrogen was
studied using laser scattering and acoustic transduc-
ers. The results obtained from these studies are
consistent in almost all respects with the liquid-
helium studies. We found a strong correlation be-
tween the inception of heterogeneous nucleation and
the deviation of the observed transient superheat
temperature from the predicted response on the
basis of the thermal conduction assumption. In ad-
dition, the laser scattering experiments in liquid ni-
trogen are consistent with the sudden onset of nu-
cleation at the sharp temperature overshoots. The
results of the transient superheating experiments in
liquid nitrogen provide us with a nonmagnetoresis-
tive thermometry corroboration of the experimental
technique.

(7) The fact that the observed constant superheat
AT,,. does, in fact, represent the homogeneous nu-
cleation superheat temperature, which is not affect-
ed by background radiation or cosmic rays, can be
inferred from the lack of random fluctuations in
AT,,.. To further validate this assumption, we sub-
jected the heater surface to x rays from a radioac-
tive source (**'Am) placed in close proximity to the
heater surface. The same value of superheat AT,
at any given bath temperature, could be produced
exactly but at slightly higher heating rates than nor-
mal.

(8) Questions may be raised regarding a possible
effect of the external magnetic field, used in our
thermometry technique, on the measured superheat
temperature AT,,.. Because liquid helium is slight-
ly diamagnetic compared to helium vapor, an ap-
plied magentic field may possibly influence the
measured homogeneous-nucleation temperature of
liquid helium. This effect would be due to the
difference in the magnetostatic energy in the liquid
and the vapor nuclei in the presence of a magnetic
field.?® This energy difference causes a reduction in
the pressure inside critical vapor nuclei, which then
acts to increase the height of the thermodynamic
barrier slightly, and consequently, raises the
homogeneous-nucleation temperature. The estimat-
ed effect on the temperature turns out to be less
than 1 uK. An experimental check on this was
made by repeating the transient superheating exper-
iments at different magnetic fields. Changing the
magnetic field from 0.4 to 1.5 T did not produce
any detectable change in the observed maximum su-
perheat AT,,. . Therefore, we conclude that the ef-
fect of the magnetic field is insignificant.

In summary, we feel that the points presented
above constitute a convincing argument that the
sharp peaks are due to a sudden onset of homogene-
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ous nucleation in the superheated liquid layer in
contact with the heater surface. Consequently, the
superheat temperature AT,, corresponding to the
sharp peaks experimentally defines the homo-
geneous-nucleation limit in liquid “He. Comparison
of AT, with the theoretical predictions of the
homogeneous-nucleation limit, derived from the BD
theory [Eq. (2)], is presented in Sec. VI.

V1. *‘He NUCLEATION TEMPERATURE

In this section, we present the results of the
homogeneous-nucleation-temperature measurements
in liquid “He. The measurement of the maximum
superheat temperature AT, (see Fig. 2) are shown
in Fig. 3 (solid triangles) as a function of Hel bath
temperature T, from 2.31 to 4.62 K. The AT,
decreases with increasing temperature and is ex-
pected to vanish at the critical point. The solid line
in Fig. 3 corresponds to the theoretical estimates
of the homogeneous-nucleation temperature T,
(T, =AT, + Ty, where AT}, is the superheat tem-
perature) of “He as determined from Eq. (2).° In
estimating T},, we have assumed the nucleation rate
to be equal to one critical nucleus/cm?s. This value
of J was selected somewhat arbitrarily. Any error
involved in the estimate is insignificant due to the
extreme insensitivity of 7, to the assumed nu-
cleation rate, as discussed in Sec. II.

The experimental data shown in Fig. 3 can be ex-
pressed in terms of the bath temperature by a single
power law of the following form:

AT, =4.322(1—-T,/T,)"33* | (4)
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FIG. 3. Maximum superheat temperature as a func-
tion of bath temperature. The maximum superheat tem-
perature AT, (solid triangles) is plotted as a function of
bath temperature. The solid line represents the theoreti-
cal predictions of the homogeneous-nucleation tempera-
ture T}, derived from Eq. (2), for a nucleation rate of
J=1 critical nucleus/cm’s.

where T, is the critical temperature of “He. In
terms of the reduced bath pressure P/P,, the data
can be presented as

Ty /T, =0.753+0.224P /P, , (5)

with a standard deviation of 3 mK. Here,
T,y =AT,,. + Ty, and P, is the critical pressure of
*He. As Eq. (5) indicates, T, varies linearly with
P.

In Sec. V, we presented a series of arguments to
justify that AT, represents the homogeneous-
nucleation superheat limit AT}, in liquid “He. As
can be seen from Fig. 3, the agreement between the
AT,,. measurements and the predictions from the
nucleation theory [Eq. (2)] is excellent over the en-
tire experimental range. Such an agreement be-
tween experiment and theory reflects the adequacy
of the conventional nucleation theory in describing
the liquid-to-vapor nucleative phase transitions in a
quantum system such as liquid *He (at least, far
from the critical region).

In Fig. 3, we have extrapolated the theoretical
predictions up to the critical point; however, nu-
cleative behavior in the critical region may be modi-
fied from that predicted by either the BD theory
[Eq. (2)], or the recent, more detailed hydrodynamic
treatment by Langer and Turski (LT).!* The pre-
dictions of LT are quantitatively almost identical to
those of the BD theory; however, there is no experi-
mental confirmation of either of the above nu-
cleation theories in the critical region. Experimen-
tal measurements of the homogeneous-nucleation
limit in the critical region, for both binary mixtures
and pure liquids, are found to exceed the predicted
value by factors of 2 or more,>~'° although, one
would expect the conventional nucleation theory to
be most accurate in this situation.'” Perhaps the
crucial point here is that the nucleation rate is not
measured directly in any of these experiments.
Rather the usual procedure of experimentally defin-
ing the homogeneous-nucleation limit consists of
observing the so-called cloud point, the point at
which the number density of droplets and their
sizes are big enough to allow visual observation. As
first pointed out by Binder and Stauffer,!' to
describe this cloud-point phenomenon, it is clearly
not enough to know only the nucleation rate. One
also needs to consider the dynamics of the droplet
growth, how fast the droplets grow once they are
created. The discrepancy with theory may result
because the growth of droplets is controlled by dif-
fusion, and diffusive processes over critical length
scales become very slow near the critical point.

The present transient superheating experiment in
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“He does not rely on visual observation of the
homogeneous-nucleation limit. Here, the process of
rapid formation of critical-size vapor bubbles in the
superheated liquid layer is detected almost instan-
taneously because of the fast response time of the
bismuth thermometer. Although the subsequent
growth of the vapor bubbles can be followed
through the temperature drop of the thermometer,
caused by the energy consumed in the bubble
growth process, the initial temperature at which the
nucleation rate first becomes significant can be
determined sufficiently accurately for quantitative
comparison with theoretical predictions. Moreover,
since these measurements are carried out far from
the critical region, the growth rates are sufficiently
high. This is so primarily because, in a liquid-vapor
system, in contrast with binary mixtures, mass can
be transferred from one place to another rapidly by
kinetic and hydrodynamic flow instead of slowly by
diffusion. Thus, we believe our measurements con-
stitute a good test of the validity of the BD theory
in the case of liquid “He. Moreover, as we dis-
cussed in Sec. II, there is no need to invoke a new
nucleation mechanism, such as quantum tunneling,
to explain homogeneous nucleation for positive bath
pressures in superheated liquid helium I. Such tun-
neling nucleation is likely to be observed, if at all,
only in tensile strength experiments. However, the
observed disagreement between experiment and
theory in case of tensile strength experiments in su-
perfluid “He cannot be explained in terms of quan-
tum nucleation because all these experiments were
performed much above the tunneling temperature
T*, which we estimate to be approximately 0.3 K
(see Sec. II). It would be interesting to study the ef-
fects of tunneling nucleation at temperatures <0.3
K.

VII. CORRESPONDING-STATES ANALYSIS

Phenomenological analyses based on the principle
of corresponding states have shown that this con-
cept provides a useful method for systematizing the
measured properties of one or more substances to
predict the properties of other substances. In this
section, we examine the homogeneous-nucleation-
temperature measurements in “He (this work), along
with similar measurements in Ar, Kr, Xe, and H,
from other investigators,'®3! from the viewpoint of
corresponding states. We show how, using this
analysis, prediction of homogeneous-nucleation
temperature can be made for hydrogen isotopes
such as HD, DT, T,, and D,.

In Fig. 4, homogeneous-nucleation-temperature
T, measurements for H, and several noble gases are
presented in terms of their scaled temperature
T,/T, and bath pressure P/P,, where T, and P,
are the critical temperature and pressure, respective-
ly: “He data from this work; Ar, Kr, and Xe data
from recent capillary boiling experiments of Skri-
pov et al.'®; and H, data from bubble-chamber nu-
cleation experiments by Hord et al.’' The H, data
shown correspond to the maximum nucleation pres-
sure at a given temperature. The solid lines are the
theoretical predictions for each liquid determined
from the homogeneous-nucleation theory, Eq. (2).
The dashed line represents the van der Waals spino-
dal, shown here only as a qualitative reference line.

Note that all the experimental T, data for the
classical monatomic liquids such as Ar, Kr, and Xe
fall on the same line, clearly demonstrating a
corresponding-states type of behavior. The devia-
tions from this line of both experimental data and
theoretical predictions for the quantum liquids H,
and “He are obviously due to quantum effects. Be-
cause no experimental data are available for *He,
only the theoretical predictions are shown in Fig. 4.
The magnitude of the deviations from the classical
behavior is clearly dependent on the magnitude of
the de Boer quantum parameter A [A=h /o(me)'/?,
where 4 is Planck’s constant, m is the atomic mass,
and € and o are the Lennard-Jones parameters
representing, respectively, the strength and range of
the interatomic potential].

The quantum effects on the homogeneous-
nucleation temperature are better illustrated in Fig.
5 in which the temperature T}, and the pressure P
are reduced using the Lennard-Jones parameters as
Ty =kT,/€ and P*=Po>/e. The significance of
the dashed lines in the figure will be discussed later.
Since the theoretical predictions for both classical
and quantum liquids are obtained from the same
nucleation theory rate expression (2) and these pre-
dictions are in excellent quantitative agreement with
the experimental data, one can be reasonably sure
that the quantum effects are not due to some addi-
tional quantum mechanism of nucleation, such as
quantum tunneling (see Sec. VI).

The source of the quantum effect becomes ap-
parent if we recast the nucleation-rate expression (2)
in terms of reduced (dimensionless) quantities as
follows:

J*=Jo*V(m /e); y*=(d*/e)y,
N*=No? t*=(e/mo)"*t .

With the above reduced quantities, the rate expres-
sion becomes

(6)
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where J* is the number of critical nuclei per unit re-
duced time and volume. Because thermophysical
properties such as surface tension, vapor pressure,
etc., for the classical monatomic liquids Ar, Kr, and
Xe obey the classical corresponding-states-type
behavior rather well,>? these liquids should have the
same reduced homogeneous nucleation temperature
T, at any given reduced bath pressure P* (or bath
temperature). This is indeed true and can be seen
from Fig. 5. It is obvious that since the reduced
bulk properties of H,, *He, and *He deviate signifi-
cantly from those of Ar, Kr, and Xe,» the reduced
nucleation temperatures as derived from Eq. (7) also
should deviate accordingly. One can effectively in-
corporate these quantum effects in the rate expres-
sion (7) through the thermophysical properties in
terms of A, such as y*(A),>* P*(A), etc. We, how-
ever, take a simpler approach to illustrate the quan-
tum effects on the corresponding-states behavior of
homogeneous nucleation.

We find that the available nucleation data for
both classical and quantum liquids can be quite sa-
tisfactorily correlated by an expression of the form

(1=T,/T.)=m(A)1—P/P, "N, (®)

which provides an explicit relationship between the
homogeneous-nucleation temperature and the sa-
turation bath pressure. The parameters m and n,
respectively, describe the slope and the curvature of
the lines representing the nucleation data in Fig. 4,
and we have assumed these parameters to be depen-
dent A. Interestingly, the curvature parameter n for
“He is 1.001, indicating a linear relationship be-
tween T;, and P. The parametric dependence of m
and n on A is shown in Fig. 6. The values of the
parameters m and n for all liquids considered here
were determined from a nonlinear least-squares-
curve fit of the predicted homogeneous-nucleation
temperatures evaluated by using Eq. (2) for a nu-
cleation rate of J=1. Because the nucleation data
used in our analysis here are from radically dif-
ferent experimental techniques, the associated nu-
cleation rates are different. Consequently, we
standardize our correlation by arbitrarily selecting a
reference value of J=1 and using the theoretical
values instead of the experimental data. Any error
from this process is very small, due to the insensi-
tivity of the homogeneous-nucleation temperature
to the nucleation rate J.
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FIG. 6. Plot of Eq. (15). A is the de Boer parameter.
The circles represent the values for the parameters m
and n for Ar, H,, *“He, and *He.

The parameters m and n can be fitted as a series
in powers of A% as

m(A)= i aA¥; n(A)= i bAY. 9)
1=0 1=0

The predominant contributions to m and n in Eq.
(9) arise through the first few terms. The result of
employing the first four coefficients a; and b; are
tabulated in Table I. These coefficients were deter-
mined from the values of m and n for Ar, H,, “He,
and He. Although hydrogen is diatomic, we have
included it in our analysis because its interatomic
potential can be assumed to be approximately
spherically symmetric.’* This is due to the fact that

TABLE 1. Values of the first four coefficients a; and
b; appearing in Eq. (15).

) a; b,

0 0.14037 0.92185

1 1.8239x 10?3 —1.9990x 10~*
2 1.8450% 1073 2.9165x 1073
3 —6.6426%107° —1.9062x 10~*
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the population of excited rotational states of para
H, below the critical temperature is low, inelastic
collisions are essentially nonexistent, and a spheri-
cally symmetric force field is, therefore, approxi-
mately applicable. We know that the deviations of
the Tj-vs-P* curves for the quantum liquids from
the single curve representing the classical fluids (see
Fig. 5) are due to the quantum effects not included
in the reduced quantities in Eq. (6). If A is incor-
porated as a scaling unit, in addition to the two
Lennard-Jones parameters € and o in reducing the
physical variables, a single curve should represent
the behavior of both the classical and the quantum
liquids. A simple and straightforward way to ac-
complish this latter result would be to use Eq. (8) to
define two quantum variables containing A as

F=(1-T,/T.)/m(A)
and (10)
nz(l__P/Pc)n(A) ,

where m (A) and n(A) are obtained using Eq. (9)
and the values of Table I. The new variables I" and
IT are now functions of A and, therefore, Eq. (8)
simply becomes I'(A)=II(A). This constitutes a
statement of an empirical law of corresponding
states for the homogeneous-nucleation temperature
in both classical and quantum liquids. Figure 7 il-

lustrates the universal curve that results when Eq.
(10) is employed for the homogeneous-nucleation
temperature. As expected, we find that a single
straight line in the [I'-IT plane satisfactorily
represents the nucleation data for all the liquids
considered here, including the quantum liquids.
The slight deviation of the data for Ar, Kr, and Xe
is due to the differences in the experimental nu-
cleation rates as mentioned earlier.

An obvious use of the quantum-mechanical law
of corresponding states is for predicting T, for
several hydrogen isotopes. Knowledge of the re-
duced pressure and A is sufficient to predict accu-
rately T), of any hydrogen isotope. For this, a use-
ful form of Eq. (8) is

Tr=T[1—m(A)(1—P*/PX"N] | (11)

where m and n are given by Eq. (9) or can be ob-
tained from Fig. 6. The dashed lines in Fig. 5
represent the predictions of T}, for D,, HD, and T,.
It is otherwise difficult to obtain theoretical values
for T}, for these substances simply on the basis of
the nucleation theory because the required thermo-
physical properties are not readily available, e.g., no
surface tension data are available for T,. In the in-
terest of clarity, we have not included in Fig. 6 the
prediction for DT, for which the values of the
parameters m and n are 0.1457 and 0.9263, respec-
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tively. The values of A used in the predictions for
the heteronuclear isotopes HD and DT have been
computed after Friedman.*®

Finally, we would like to comment on the possi-
ble modification of Eq. (11) in the critical region.
In the LT hydrodynamic model of nucleation near
the crirical point,'* the essential parameters, such as
the thermophysical properties of the system, are ex-
pressed in simple scaling forms in terms of the ap-
propriate critical exponents. Since in the critical re-
gion the thermophysical properties of both classical
and quantum liquids can be described by the same
critical exponents, one may expect that our empiri-
cal expression (11), which expresses the results of
the nucleation-rate equation (2) and which in turn
depends on the thermophysical properties of the
liquid, should be modified such that n(A)—n(0) as
the critical point is approached. It would be in-
teresting to study homogeneous nucleation in
liquids *He and *He near and within the asymptotic
critical region in order to study this quantum cross-
over effect. The very limited data by Dahl and
Moldover’ in *He near the critical point is con-
sistent with the above picture,13 although no defin-
ite conclusion regarding the validity (or lack
thereof) of the BD theory in the critical region can
be drawn from their data.

VIII. SUMMARY

We have presented experimental data on homo-
geneous nucleation in liquid heliumI over a large
temperature range, far from the critical point. We
find excellent agreement of our data with the pre-
dictions from Becker-Doring nucleation theory over
the entire temperature range studied. Such agree-
ment has not been observed in tensile strength ex-
periments in liquid “He. Our data clearly demon-
strate the adequacy of the conventional nucleation
theory in describing the first-order, thermally ac-

tivated transition kinetics in a quantum liquid, such
as liquid *He. This is consistent with the quantum
theory of nucleation, first proposed by Lifshitz and
Kagan,'® in which they showed that, at tempera-
tures above ~0.3 K, the nucleation mechanism is
thermal activation over the thermodynamic barrier
in metastable liquid helium. Subbarrier tunneling
transitions become probable only at temperatures
below ~0.3 K.

When our helium data are compared with nu-
cleation data in Ar, Kr, Xe, and H, in terms of re-
duced temperature and pressure, we find significant
quantum deviations of the *He and H, data from a
corresponding-states type of behavior, which is oth-
erwise obeyed well by the classical monatomic
liquids. We believe these deviations to be due to
quantum effects on the bulk thermophysical proper-
ties of the liquids. The deviations of the quantum
liquids from classical behavior are found to be
parametrically dependent on the de Boer quantum
parameter A and this has enabled us to predict the
homogeneous-nucleation temperatures for several
hydrogen isotopes. We have also included theoreti-
cal predictions for *He in our corresponding-states
analysis.
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