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Fisher''s droplet model is applied to the calculation of the nucleation rate in a meta-
stable supersaturated vapor near T, . At a constant scaled supersaturation A~ (p-p, )j
(Tc-T) we find a strong critical slowing down for the nucleation rate. Experiments
to check this theory are proposed.

n, = q, exp[ ( f,—p. l,)/kT]— (1b)

with' q, =p, /5. The more microscopic theories'
estimate 1 ~ v ~ -4. In Fisher's droplet picture
the numbers cr and v are fitted from experiments
as is the mi. eroscopic surface tension entering
into f, through lnx. This surface tension is not
identical with the macroscopic surface tension
(cf. Ref. 5) but can be determined' from the
shape of the coexistence curve. In Co, it agrees
with the macroscopic one at T =0.999T, . The
parameter v can be determined' from the criti-
cal isotherm: p, —po-(p, ,-p. )' ' at T =T„. 7 =2.2
from experiment. Thus the "translation- rotation
paradox" of how to determine ~ does not hinder
our calculation neRI' T, . This was already no-
ticed by Stillinger'; but the critical indices in

The condensation of a nonideal gas into the liq-
uid state has been described by a dI'oplet mod-
el. ' ' The classical theory of homogeneous nu-

cleation of a supersaturated vapor was developed
by Volmer a.nd Weber, Decker and Doering,
Zeldovich, Frenkel, Rnd Kuhrt. ' Two assump-
tions &vere used: It is an equilibrium rate theory
(detailed balance and stationary state), and the
equilibrium concentI'ation of the droplets is ob-
tained from the Helmholtz fx'ee energy of the em-
bryos (condensation nuclei).

The equilibrium concentration of droplets con-
taining / molecules is ealeulated from the free
energy f, of these droplets. This f, consists of a
bulk term (o-l), a surface term (o-l'; o = 3) van-
ishing at T =T„and a loga. rithmic term 7kT ln/,

arising from internal vibrations" and other con-
tributions. " Thus

(1a)

where im = const(T-T, )/T, (const= 4 in CO, ) and

p. , is the chemical potential on the coexistence
curve. The concentration n, of l-droplets is

his publlcatlons disagree with scaling assump-
tions. The comparison of Fisher's droplet mod-
el with experiment shows' tha. t the resulting nu-
merical factors for static properties are correct
within &30% below and at T, . The critical expon-
ents agree exa, ctly with the scaling laws. ' We
calculate the nucleation rate from the usual as-
sumptions'2 combined with Fisher's droplet mod-
el. (For a, different approach in a van der Waals
gas see Strickfaden and de Sobrino. ') This nu-
cleation rate is the first transport property to be
calculated from Fisher's droplet picture,

As we will rederive later [before Etl. (6)], the
principle of detRiled balance leRds to R nucleRtion
rate

(2)

where 8, =S,l is the surface area of an I-droplet
and P, = P, and m, are partial pressure and mass
of single molecules. Here the droplets are as-
sumed to grow Rnd shx'ink by incorporation and
evaporation of single molecules only. In the in-
tegral replacing the sum (2) the term 1/S,n, has
a minimum at l =l ~ if the vapor is supersaturated
(p, & p, and T & T,) Thus the i.ntegral is reduced
to one of the type J exp[-const(l l*)']dl. The f*
is found from the maximum of f,-p, l; for a small
"scaled supersaturation" A the variation of 7 ln/

Rnd of the surface area 8, ean be neglected. A is
defined by

(3a)

and indicates how far the state is in the interior
of the metastable region; A =0 on the coexistence
curve ]L(. = p, A can be measured by lowering
the temperature at constant density:

A =1.55(T, „„-T)/(T;T„,„)
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or by enlarging the density at constant T:

5(p pc oex)/(pc pc oex ) (3c)

Here T„,„ is the temperature at which the coex-
istence curve is reached at the given density,
and p„,x is the density at which it is reached at
the given temperature .Because of BP/By. =p we

can easily relate' ln(P/P„, „) to A. [We as-
sumed in deriving (3b) and (3c) that A «I, y, —y, ,
= (By/BT)~(T T-„,„), p =0.35, 6 =4.5 from ex-
periment; then T =2.22, 0=0.635 because gener-
ally' T = 2+ I/O, {r=1/P {) with the usual notation'
for the critical indices. ] Using these assump-
tions we find from (2)

J P S q (2)r QT) 1/2[2)r(1 {r)]-i/2(r{o & "I/2)/{i-o)
~

Inx ~{r+ i- o)/oA{v + 1 3o/2)/{1 o)
S 1 1 0 ~1

xexp[({r-1){r"' 'A " ' ']=3.4Pp, qo(2)r)n, fpT)
~
Im

~
A exp( 0 166A ~

) (4)

This result means a critical showing down of the nucleation rate J,cc (T,—T)" at a constant A, where-
as for a constant p. the nucleation rate depends exponentially on temperature. The critical slowing
down should be observable as a slight increase for T -T, in the A necessary for the decay of the meta-
stable state.

To derive (4) we approximated the integral (2) by a Gaussian Je " dx [cf. Eq. (9) in Feder et al. '] and
assumed A «1. Both approximations can be avoided by using a Taylor expansion in powers of A
for 1/J, :

oo

J =P S q (2r/m kT) '/2~ irut:~{" ' )' A''' ' g A "'
pg t-n= 0 e w ~

Even if A is not very small, (5) remains valid; but then A should be determined directly by (3a) and
not by the approximations (3b) and (3c). For the small value of A near T, given later, the difference
between (4) and (5) is nearly negligible.

The nucleation rate is made smaller by a factor cc[(T,—T)/T]{' '/'"'(T, -T)" if we made the specula-
tive assumption that the droplets grow and shrink only by incorporation and evaporation of droplets
with volume = $' where $ is the coherence length, containing I = I

&
molecules instead of 1.' (We define

the coherence size l
& by requiring ~lrU;~l &=1 on the coexistence curve. ) If we set in our derivation of

that result simply l &=1 we recover (2).' The derivation is as follows: In a stable state the number n,
of E-droplets remains constant; thus n, a,S, =n, , &b&S, , &. Here o. , is the rate at which droplets of size
l

&
evaporate from an I-droplet; b &=P,(2)/rn rkT) ' ' is the rate at which they impinge on it per unit time

and area. P& =P, /& '/e is the partial pressure and m
&

the mass of the I &-droplets. If in a metastable
state all droplets of size &L (say, I- =21*) are removed from the system and the corresponding num-
ber of molecules is inserted into the system as single molecules or l&-droplets then the distribution
n, changes into a modified one, n, ', with nj. ' = 0, n, ' =n, . In a stationary state the quantity ~& = n, , 'b&l-lg
)& S, , -n, 'c/, S, gives the rate at which (I —I &)-droplets become I-droplets; J& is independent of I and
equal to the nucleation rate. Eliminating n, we find

nl")r KS)-lg( l lg / nip)nl /nt)'

Summing up in steps of I, (indicated by Q {, ), upper and lower bounds are unimportant if sufficiently
greater and smaller than I*), one gets

I
= J&g(n, b&S,) '= ' — =1 0=1, J& -'—- g (n, b&S,) '=I& ' g (n, b&S,) '. (6)

(lg) ~l -lg K~l-lg (lg) 1 I (lg) l = 1,2,

This is the result (2) multiplied by L~
' ' '" cc [(T, -T)/T, ]' '/2»o.

If we assume' the metastable state to decay as soon as J, reaches 10' nuclei/cm' sec then A =0.045
in CO, at this decay point (Im =0.1, T =T,-8 K is assumed). With" J,=10"nuclei/cm' sec our A is
about twice as large. Preliminary experiments" made on the tzquid side of the coexistence curve in-
dicate 0.27 &A &0.07 at the decay point (T;6 K & T & T;12 K). More experiments are necessary and
partly in progress" in order to get a clearer picture: (1) determination of A at the decay point with
different cooling rates to detect possible time lag effects, (2) optical methods to determine when mac-
roscopic droplets occur first and what concentration they have at the decay point, (3) accurate mea. -
surements at different temperatures to indicate a critical slowing down of J', cc(T;T)"or (T;T)~'.
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Eve»f the pre-exponential factors of the pres-
ent theory are wrong the "dynamical scaling" re-
sult" (4) and the critical slowing down can be

checked.
The methods used in our theory near T, will be

applied' also to the discussion of (homogeneous)
nucleation far below T, .

We thank Professor K. Kawasaki, Professor
V. J. Schaefer, Dr. F. H. Stillinger, and Dr. J,
Straub for suggestions, comments, and informa-
tion.

*Royal Society postdoctoral fellow.
)Work partially supported by Research Corporation,

a Frederick Gardner CottreQ grant in aid. Address
reprint requests to C. S. K.

)On leave from Technische Universitat, Munich,

West Germany.
M. Volmer and A. Weber, Z. Phys. Chem. 119, 277

(1926); R,. Becker and W. Doering, Ann. Phys. (Leipzig)

~24 719 (1935); J. B. Zel'dovich, Zh. Eksp. Teor. Fiz.
12, 525 (1942); J. Frenkel, Kinetic Theory of Jiqgids
(Oxford U. Press, New York, 1946), Chap. VII;

F. Kuhrt, Z. Phys. 131, 205 (1952). For a review,
see J. Feder, K. C. Russell, J. Lothe, and G. M.
Pound, Advan. Phys. 15, ill (1966).

J. L. Katz, J.Stat. Phys. 2, 137 (1970); H. Reise,
ibid. , 83 (1970); Y. Myazawa et aE., J. Appl. Phys.
42, 476 (1971).

M. E. Fisher, Physics (Long Is. City, ¹ Y.) 3, 255
(1967).

C. 8. Kiang and D. Stauffer, Z. Phys. 235, 130
(1970); cf. L. Reatto, Phys. Lett. 33A, 519 (1970).

D. Stauffer, C. S. Kiang, and G. H. Walker, Bull.
Amer. Phys. Soc. 16, 109 (1971), and to be published.

F. H. Stillinger, Jr., J. Chem. Phys. 47, 2513, and

48, 1430 (1967).
C. S. Kiang et aE., "A Reexamination of the Theory

of Homogeneous Nucleation" (to be published).
%. B. Strickfaden and L. de Sobrino, Can. J. Phys.

48, 2507 (1970).
Frenkel, Ref. 1.
I. Langmuir, Proc. Amer. Phil. Soc. 92, 167 (1948);

V. J. Schaefer, J. Colloid Sci. 9, 175 (1954).
~~J. Straub, private communication; S. ErQe, thesis,

University of Munich, 1970 (unpublished) .
K. %. Sarkies and N. E. Frankel, J. Chem. Phys.

54, 433 (1971), and to be published.

New Observations of Dielectric Breakdown in Air Induced by
a Focused Nd -Glass Laser with Various Pulse Widths

Charles C. Wang and L. I. Davis, Jr.
Scientific Research Staff, Ected Motor Company, Dearborn, Michigan 48121

(Received 16 November 1970)

Dielectric breakdown in air induced by a train of subnanosecond laser pulses was

found to occur as a sequence of strong point explosions, with each pulse producing

breakdown at a different spot. The angular dependence of the scattered laser light w'as

found to be due to the reflection and diffraction from the breakdown spots which were

approximately spherical with diameters of about 9 IJ,m, For atmospheric breakdown,

analysis of results indicates that a plasma density as high as 7 x10 electrons/cm~ was

created in the breakdown region,

This Letter reports some new observations of
dielectric breakdown in air induced by a focused
Nd'+-glass laser with various pulse widths. While

it has been eight years since the first observation
of optical dielectric breakdown in air, many im-
portant aspects of the phenomenon remain to be
understood. Most notable a,mong them a.re the an-

gular dependence of the scattered light at the la-
ser frequency' and the dependence of the thresh-
old power on the pulse width. ' Using laser pulses
with a width of I nsec or shorter, we have found

that the scattering pattern can be explained quan-

titatively in terms of the reflection and diffrac-
tion from plasma "bubbles" created in the break-
down region. At atmospheric pressure, these
bubbles are about 9 p.m in diameter and have a

plasma density as high as 7 x 10"electrons/cm'.
Of particular interest is the observation that with

a train of such pulses each individual pulse in-
duced breakdown at a different spot in air. The
evolution of these breakdown spots was found to
be characteristically similar to that of the shock
wave generated by a strong point explosion.

The experiments were performed with a Nd'+-

glass laser with intracavity acousti. c modulation

(Fig. 1). Q switching was achieved with a satur-
able-dye cell (or a rotating prism), resulting in

a train of pulses about 20 psec (or 1 nsec) in dur-
ation and separated by 12.5 nsec, the round-trip
transit time of the cavity. With the saturable-
dye cell (rotating prism), the half-width of the
train is about 200 nsec (100 nsec). In both cases,


