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potential, yet not sufficiently strong for Compton
scattering to be significant. In that regime, the
dipole approximation should be valid as long as
the atomic structure has no effect. It is not our
intention to dismiss unconditionally the validity

of the dipole approximation in multiphoton pro-
cesses. Clearly it will be valid under a wide
range of circumstances. We do however wish to
point out that its validity is not as general as has
been assumed on the basis of the usual argument
that for optical wavelengths the dipole approxi-
mation is valid, Although this is correct for weak
fields, in the presence of strong fields and multi-
photon processes the argument loses its generali-
ty.

One of us (P.L.) wishes to thank Dr. T. C. Caves
for communications and for providing the results
of his calculations before publication, and Dr.

J. H. Eberly for his comments on the ultrastrong-
field case.

*Work supported in part by a grant from the U. S. Air
Force Office of Scientific Research No. AFSOR-73-
2484, in part by a grant from the National Science

Foundation No. MPS74~-17553, and in part by a grant
from the National Center for Atmospheric Research.
'H. B. Bebb, Phys. Rev. 149, 25 (1966).
®J. Mizuno, J. Phys. B: Proc. Phys. Soc., London 6,
314 (1973).

3p. Lambropoulos, Phys. Rev. A 9, 1992 (1974).

‘E. A. Power and S. Zienau, Phil. Trans. Roy. Soc.
London, Ser. A 251, 427 (1959).

°P. Lambropoulos, Phys. Rev. Lett. 29, 453 (1972).

8G. Doolen and S. P. Rountree, to be published.

'T. C. Caves, to be published.

’H. R. Reiss, Phys. Rev. Lett. 29, 1129 (1972), and
references by the same author quoted therein.

W. C. Henneberger, Phys. Rev. Lett. 21, 838 (1968).

Y, H. M. Faisal, J. Phys. B: Proc. Phys. Soc., Lon-
don 6, L89 (1973).

113, Geltman and M. R. Teague, J. Phys. B: Proc.
Phys. Soc., London 7, L22 (1974).

123, Gersten and M. Mittleman, Phys. Rev. A 10, 74
(1974).

BFor a review and discussion of this effect, see J. H.
Eberly, in Progvess in Optics, edited by E. Wolf,
(North~Holland, London, 1969), Vol. VII, pp. 388~395.

“This is not ordinary Compton scattering of a photon
by a free electron. Since we are dealing with ultra-
strong fields, the electron states are Volkov states and
a large number of photons are involved in the process.
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We have observed supercooling in liquid CO, near the critical temperature greatly ex-
ceeding that allowed by existing theories of homogeneous nucleation,

We report here a calorimetric study of nuclea-
tion in liquid carbon dioxide (CO,). We have
clearly observed that in the vicinity of the criti-
cal point, CO, may be “supercooled”’ at constant
density to temperatures well below those at which
homogeneous nucleation of vapor bubbles is pre-
dicted to occur by current theories.! ®° Some hint
of this anomalously large supercooling in the
critical region of CO, is apparent in earlier ca-
lorimetric experiments by Straub® and in experi-
ments where nucleation was observed visually.”
Anomalously large supercooling has also been

found near the critical point of the binary liquid
mixture C,H,,-C,F,, by Sundquist and Oriani® and
by Heady and Cahn.® These earlier experiments,
reinforced by the present one, indicate that there
is a serious gap in our understanding of nuclea-
tion in fluids near their critical points.

We have made three other significant observa-
tions: (1) Supercooling could be achieved only in
samples filled to a density greater than the criti-
cal density, p.. (2) Repeated runs with a given
density, p, yielded identical nucleation tempera-
tures when p was near p, but a wide distribution

639



VoLuME 34, NUMBER 11

PHYSICAL REVIEW LETTERS

17 MARCH 1975

of nucleation temperatures for samples with p
far from p,. In contrast, homogeneous nuclea-
tion theory predicts an extremely narrow dis-
tribution of nucleation temperatures at all densi-
ties. (3) A neutron source placed near the calo-
rimeter would not trigger nucleation in a sample
closest to p, but would trigger nucleation in the
samples further from p,.

We will explicitly compare our measurements
with a Becker-Doring-like theory as developed
by Zeldovich and discussed by Frenkel® and ap-
plied to the critical region of Langer and Turski.’
This type of theory has been widely and success-
fully used to describe nucleation in fluids away
from critical points.®*'*°® Becker and Ddring con-
sidered the metastable phase to contain “embry-
os” of the nucleating phase (in the case of nuclea-
tion of droplets in a vapor these would be dimers,
trimers, etc.). An embryo may grow by accre-
tion or it may divide. Once an embryo exceeds a
critical size, it is identified as a nucleus of the
new phase which then grows rapidly. The criti-
cal size is determined by the condition that the
increase in the thermodynamic potential from the
formation of the interface between the nucleus
and the metastable phase is equal to the decrease
of the thermodynamic potential from the forma-
tion of the volume of stable phase (i.e., the nu-
cleus). The Becker-Doring theory predicts'* a
rate of condensation (i.e., the number of mono-
mers, @, that become incorporated into embryos
reaching the critical size each second):

U _%g.>1/2 _ 167703?)32
Q_NvAg<1rm exp (s~ @g)kT |’ @

(Here, N is the total number of molecules, g is
the number of monomers compromising a criti-
cal nucleus, o is the interfacial tension between
the metastable phase A and the nucleating phase
B, ¢,, ¢p, andv,, vz are the chemical poten-
tials and the volume per molecule in phase A and
B, T is the absolute temperature, and m is the
mass of the molecule.) Near the critical temper-
ature, T, it is convenient to introduce the scaled
supersaturation, 6T /e, where 6T = (T coex = T muc1)/.
T,and €= T, ~T coex)/T¢e T et is the tempera-
ture at which the nucleation rate is being observed
and T .. is the coexistence temperature at the
density of the sample. Then following page 3239
of Ref. 5, we express the temperature depen-
dence of ¢ using the critical exponent'? v’; we ex-
press (¢, —@z)/vy in terms of o and 67 /€, and
we divide Eq. (1) by g and by the sample volume
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to obtain J, the number of nuclei per cubic centi-
meter which are formed each second. Thus the
Langer-Turski result® [their Eq. (7.25)—referred
to by them as the Becker-Dbring theory] is

J=Jgpe”’ exp{— (1,/T.)2(e/6T)%. @)

The prefactor Jyp, =n, (20,/mm)"?, where n, is the
critical density, o, is the amplitude of the sur-
face tension, i.e., 0=0,6%', The parameter 7,
a complicated function of scaled equation-of-state
parameters, is defined in Eq. (7.14) of Ref. 5.

For CO,, one of the most thoroughly studied
simple fluids, Jp and 7, may be evaluated from
existing data.'®* Taking the recently remeasured
exponent v’ =0.63, we find J5p=5.25x10% ¢m™3
sec™ and T,=248 K. With these parameters, the
nucleation rate J in Eq. (2) is a very sensitive
function of 6T but insensitive to Jyp. For exam-
ple, over the range of densities spanned by these
experiments, a 7% increase in 67T increases J
from 1 to 10° em™ sec™. Thus the value of 5T
for which J=1 cm™ sec™ is, in fact, a predic-
tion for the practical limit of supercooling obtain-
able in a macroscopic sample of a fluid. We will
call this predicted limit the Becker-D8ring limit,

In the present work we have studied CO, sam-
ples in permanently sealed glass ampules (a de-
tailed description of the preparation of these am-
pules is published elsewhere'). Each ampule
was placed in a commercially made “isothermal”
(or “heat flow”) calorimeter.'® This calorimeter
uses a thermopile to measure the temperature
difference between its inner wall which is in good
contact with the ampule and its massive outer
wall which is near the temperature of a circulat-
ing air bath, When a supercooled sample sepa-
rates into two phases after nucleation has oc-
curred, a pulse of heat, H, is liberated. The
size of this pulse is approximately

aP\ (dp 2.
H=N(T coex =T nucl)T nucl <_3_P_>T (ﬁ)coex P72 (3)

Here (dp/dT)cqex is the derivative of the coexis-
tence curve and P is the pressure. The heat
pulse is less than 10 min long (the response time
of the calorimeter) when p =1.529, and more
than 30 min long when p =1.172p,. When the pulse
is short, its size could be measured with an ac-
curacy of +5%. This measurement together with
Eq. (3) and the known equation-of-state parame-
ters for CO, can be used to estimate T ., ~7 .
independently for comparison with the directly
measured value. The temperature at which nu-
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cleation actually occurred was measured with
both a quartz crystal thermometer and a thermis-
tor located within the calorimeter adjacent to the
ampule. The coexistence temperature of each
sample was found by noting the temperature at
which the meniscus disappeared at the top of the
ampule as it was warmed in a water bath. We es-
timate that the transfer of the thermometers from
the water bath to the calorimeter introduces an
error in the measurement of T ¢oex = T ue1 Of £ 4
mK, This is the greatest source of error in the
measurement of 67 for the samples with densi-
ties near p,.

In order to establish unambiguously the con-
flict between our observations and nucleation the-
ory, we repeatedly conducted the following exper-
iment: The sample with density 1.247p, was
cooled in the calorimeter to a temperature well
below the Becker-Doring limit, The sample tem-
perature was then held approximately constant
for at least 3 times the characteristic time (20
min) which describes the sample’s approach to
thermal equilibrium by conduction of heat.” This
wait guarantees that the sample was at a uniform
temperature equal to that of the interior of the
calorimeter., We then verified that the sample
was indeed in a metastable state for this length
of time by inducing nucleation with a neutron
source. In one run, this sample was held at a
constant temperature (¢ 1mK) for 245 min (12
times the equilibrium time) while supercooled
1.84 times the Becker-Doring limit before induc-
ing nucleation with the neutron source. The size
of the heat pulse which followed nucleation was
within 6% of that calculated from Eq. (3) for these
conditions, thus verifying the excess supercool-
ing indicated by our thermometer. This single
stringent run indicates that the Becker-Déring
theory (and other theories which give similar
predictions) fails to describe nucleation in CO,
near the critical point.,

All our results and those of Straub are present-
ed in Fig. 1. In this figure the rectangles indi-
cate the range of scaled supersaturation at which
nucleation occurred spontaneously; the integers
indicate the number of runs used to establish this
range. The crosses in Fig. 1 correspond to mea-
surements in which nucleation was induced with
the neutron source. The circled cross denotes
the run discussed in the previous paragraph.

The two most notable features of Fig, 1 are
(1) increased spread of nucleation temperatures
with increasing sample density, and (2) the anom-
alously larger supercooling which can be achieved
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FIG. 1. Supercooling in CO,. The horizontal scales
indicate (bottom) the samples’ reduced coexistence
temperatures € = (T~ Toex) /T, and (top) the sam-
ples’ densities in units of p,. Plotted on the vertical
axis is the scaled supersaturation at which nucleation
occeurs: (67/€) =(T¢oex = True? /(To— Teoex)- The
dashed line (B-D) corresponds to the predictions of the
Becker-Doring theory, Spontaneous nucleation was ob-
served within the rectangles. The integers denote the
number of such observations by us (open rectangle) and
by Straub (Ref, 6) (solid rectangle). The crosses de-
note additional runs in which we triggered nucleation
with a neutron source. The circled cross denotes a
particular run discussed in the text.

at densities near the critical density. The in-
creased spread can be explained, we suggest, by
assuming that far from the critical point cosmic
rays trigger nucleation. It was for the purpose
of testing this hypothesis that the 1-Ci Be-Pu
neutron source was introduced. (The two most
important effects of the neutron flux are the pro-
duction of short-ranged o particles from the %n-
o reaction in the boron in the borosilicate glass
ampule and the production of charged ions in CO,
via a knock-on reaction.) We crudely estimate
that the source produced 10 knock-on events per
second in the sample, while the approximately
1-MeV y rays from the source produced 102 elec-
trons/sec by the Compton and photoelectric ef-
fect. By comparison, cosmic-ray background
corresponds to roughly 10™! muons/sec and 103
protons/sec passing through the sample. As not-
ed above, the source had no effect on the sample
of density p/p,=1.172 but did trigger nucleation
when brought within 0.5 m of two supercooled
samples of higher density.

It seems intuitively reasonable that as the criti-
cal point is approached, the size of the smallest
possible bubble must grow as the correlation
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length grows. Thus it is not surprising that at a
given scaled supersaturation charged particles
which induce nucleation of vapor bubbles far from
T, are not effective close to T';. Indeed, such an
effect has been predicted by a droplet model of
nucleation.’® This droplet model also predicts
an increase in 6T /€ for homogeneous nucleation
(with, say, J=1 cm™®); however, the increase
(about 20% in the density range covered by this
experiment) is too small to explain the anoma -
lously large supercooling we have observed close
to the critical point of CO, as has been observed
in binary liquid mixtures.

To summarize, the results reported here are
inconsistent with presently existing theories of
nucleation in two respects: Far from the critical
density, nucleation occurs over a wide range of
temperatures, while near the critical density,
the supercooling is anomalously large. The for-
mer effect may be accounted for by invoking in-
homogeneous nucleation by cosmic rays. An ex-
planation of the anomalously large supercooling
may require a more fundamental theoretical at-
tack on the nucleation problem.

We have profited greatly from conversations
with Professor James Langer and are deeply in-
debted to Dr. Allan W, Bjerkaas for the impor-
tant contributions he made to this experiment in
its early stages. The help of Arthur J. Schwartz
is also acknowledged.
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