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A new physical effect, the optical second harmonic generation in the combinational process involving
a capillary wave excitation, suggests a new diagnostics for the size distribution and temperature of
liquid spherical clusters or droplets smaller than the wavelength of light.

PACS numbers: 33.20.Fb, 36.40.+d, 61.46.+w

How does one measure a size distribution of particles
smaller than the wavelength of light? This fundamental
problem arises in different fields of physics. Presently
it becomes important in particular for the remote con-
trol of cluster synthesis or for monitoring of cluster
vaporization [1], where detailed diagnostics such as elec-
tron microscopy or mass spectrometry are inapplicable
in situ and in real time, whereas the fast and remote opti-
cal method [2] of light extinction measures only the mean
square cluster radius [3]. In this paper we show that a
new physical effect allows us to combine the advantages
of optical methods with the high precision of mass spec-
trometry: One can resolve the size-sensitive capillary os-
cillation of spherical clusters spectroscopically by means
of a multiquantum Raman process.

The weak interaction between mechanical oscillations
of a neutral droplet and a light field does not allow one
to use the regular Raman process, since in this case one
has to detect a weak combinational signal on the top of
the wings of the strong line of Rayleigh scattering. The
situation becomes completely different when we employ
the two-photon Raman process shown in Fig. 1. Indeed,
the regular Rayleigh scattering at the pumping frequency
o can be easily separated from the scattered signal near
the frequency of 2w. Moreover, the central symmetry
of the droplet does not allow the two-photon Rayleigh
process, that is, the scattering at exact double frequency
[4]. Only the excitation of the asymmetric oscillation
of the droplet shown in Fig. 2 results in a signal at a
frequency close to the double frequency of pumping. This
oscillation manifests itself in optical spectra via shifts of
the frequencies by the analogy to the regular Stokes and
anti-Stokes processes.

For droplets of isotropic media the second order nonlin-
earity x® comes from the surface [5]. In this paper we
therefore concentrate on oscillations of the droplets’ sur-
face, that is, capillary waves. We find the eigenfrequen-
cies of the surface modes, perform quantization of this
motion, and find the amplitudes of zero vibrations. In the
next step we calculate the coupling between the capillary
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FIG. 1. Parametric excitation of capillary waves in the com-
binational process of “second harmonic” generation.

vibrations and the light field and, finally, evaluate the size
of the effect.

We assume that each cluster is a droplet of liquid with
density p, size R, and surface tension coefficient o. We
describe the hydrodynamics of the droplet by the velocity
potential @ defined as v = V&. The equation of motion
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FIG. 2. Generation of the second harmonic at the surface of
a droplet. Asymmetric capillary mode ! = 3,m = 0 is active
in the parametric second harmonic generation process. For
this mode the total area of the droplet surface normal to the
pumping field at the left hand side of the droplet exceeds
that from the right hand side. Therefore the overall second
harmonic signal generated in phase with the excitation of
asymmetric surface oscillation does not vanish.
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for the potential reads

Vi + izc'i):o, (1)
N

where s is the velocity of sound. We write the solution of
this equation in spherical coordinates

Q,
D = chm l/Jz+1/:z( lf)

nl.m

X Y m(0, e (2)

in terms of Bessel functions J;4;,2(x) and spherical

harmonics Y, (6, ¢). Here c,,,, are the amplitudes of the

modes, and the mode frequencies (), ; have to be defined

with the help of the boundary conditions
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discussed in detail in Ref. [6]. Indeed, when we substi-
tute Eq. (2) into Eq. (3) and make use of the relations
for Bessel functions xJ,-(x) + xJ,+(x) = 2vJ,(x) and
Joo1(x) = Joe1(x) = Z%JV(x), we arrive at
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which implicitly determines the frequencies ,,;.
We find the deviation {(6, ¢) of the droplet surface
from the ethbrlum spherical position via the relation

= v, l—r = 6,l, r P, which yields
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We can considerably simplify Egs. (4) and (5) assum-

ing Q,,;Rs™! < 1, which is the case for large clusters.

Then only the lowest in n set of frequencies ()¢ is impor-
tant for the capillary waves and hence Eq. (4) reads [6]

g
= = [—=I( — ) + 2).
Qo = 0 = [ S510 — D + 2 (©)
We find the deviation ¢ for this case by replacing Bessel
functions J;4+1,2(Q;rs™") by (Q,/25) V2T + 3/2)
which yields
£ =D bin¥in(0, )R, D
I,m

where by, = coyml(Q;/25)'TV2R72/QT(I + 3/2) is the
relative amplitude of the mode (I, m).
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We now quantize the surface mode.
expression [6]

o= of e ) )]

X sin 0dOd ¢ (8)

We employ the

for the potential energy of the surface, substitute here the
deviation ¢ from Eq. (7), and find the potential energy
corresponding to the maximum deviation,

U =

]bl:m‘ (9)

We now note that the product oR?[2 + (I + 1)] plays
the role of rigidity «;,, for the oscillator of mode /, m and
hence via the relation (b;,,)0 = VAQ;/k;,, it yields the
relative amplitude

hQ)
(bim)o = B = \/ L (10)

oR2[2 + I(I + 1)]

of zero vibrations of these modes.

Now we calculate the coupling between the droplet
oscillations and the electromagnetic field. We assume
that the main contribution to the interaction between the
pumping field E and its second harmonic Ezu, q comes
from the tensor component of the nonlinear susceptibility
x'2),, normal to the droplet surface. Hence the interaction
Hamiltonian reads

Hinw = xR’ f (Euiiq) (Ezu=ofio)sin 0d6de, (11)
where nq = nq (6, ¢,t) is the unit vector normal to the
surface oscillating at frequency (). For a small per-
turbation of surface { << R we find the components
(ng,ng,ny) = a,3% 36> smo FPs %) of A in the spherical coor-
dinates. Substltutlon of thls expression and Eq. (7) into
Eq. (11) and integration over the angles ¢ and 6 results
in

mt f wa*QX( )R blmflm(a) (12)

where f and F,,+q are amplitudes of the field vectors
E and E2w+ q directed at the angle « with respect to each
other, and the function f is given by the expression

Sfim(a) =/cos€sin0d0dcp
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No}e that the direct product of three vectors Ew, Ew,
and E,,+q is a tensor of the third rank. Hence the
only nonvanishing contribution to the factor f(a) in the
interaction Hamiltonian Eq. (12) comes from the spherical
harmonic Y3 ,,, which also represents a spherical tensor of
the third rank. We therefore concentrate on the modes
with / = 3 and find

9 w
fio = —w-cosa[ sin? 0
4 0
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while all other elements vanish.

Now we quantize the interaction Hamiltonian Eq. (12)
assuming the pumping field E, to be classical and take
only the terms corresponding to creation of the second
harmonic photons. We take into account both positive
and negative shifts in frequencies, that is, both Stokes and
anti-Stokes processes, and arrive at

A =xPR*E2B; Zfs,m(a)

0 . 0
X (fz(w)+nazw+nbam + fz(m) 0830 Qbﬂm)
(14)

Here 55 m and Eg = are the creation and the annihilation
operators for the capillary mode I = 3 of frequency ) =
Q3 = /300 /pR3, and Tz,,,+g are the vacuum electric
field amplitudes at the frequencies 2w * () corresponding
to creation operators ﬁ;w:n of anti-Stokes and Stokes
photons. One can see that the interaction Hamiltonian
Eq. (14) has the structure

i = DsE) 08— + DusErnr08lura, (15
and hence the operators Dg,s play the role of dipole
moment operators of clusters. We get the emission rate
of Stokes and anti-Stokes photons substituting the moduli
squared of these operators averaged over the quantum
state of the clusters

(DiDs) = XWPRYE2B3) Y. fam(@)bimbl ),

(DlsDasy = WORPE2B32 Y fam(@) bl ubim)  (16)

to the expression A = 4(2w)3D?/3k¢3 for the Einstein co-
efficient. When we express average products of the sur-

face mode operators (5,‘,,,13{,,,) =ng + 1and (E,T,mfn'm) =
ny in terms of the thermal number of quanta ny, =
(¢"Y/¥T — 1)~! we find the probabilities As of the Stokes
and A,s of the anti-Stokes processes,

as = 22 ORE2 By Ry + D3 frntal
ps = 22 ORE By S [fan@]. ()

which are the final results of our analysis.

Let us now evaluate the size of the effect. For a typical
metal we estimate y® ~ 5 X 1075 esu, p ~ 5 g/cm?,
and o ~ 200 dyn/cm. Hence for a particle of radius

=10"®cm we find from Eq.(6) the typical fre-
quency of capillary oscillations Q3 ~ 4 X 100 s,
from Eq. (10) the relative amplitude of zero oscillations
B3 ~ 1.5 X 1074, and the number of thermal quanta
nm ~ 10*. For a pulse Nd-YAG laser of wavelength
A~ 107* cm with pulse energy W ~ 20 mJ and pulse
duration 7 ~ 107% s focused to the area of 0. mm?
we find £2 ~ 8 X 10° esu. For the collinear geome-
try with @ = 0 the factor f3, is of the order of 50.
Substitution of these numbers into Eq. (17) yields
AsAus = 10% photons/(s cluster). If the concentration of
the droplets is such that we have 1 particle per volume
of A3, the overall emission rate from the focal volume
0.3 X 0.3 X 1 mm is about 10! photons/s, that is,
103 photons/pulse. This number of photons is sufficient
for spectroscopic measurements via photon counting.

We note that since B? scales as ) /R? and n, scales
as kT/Q the overall intensity of the second harmonic
signal is proportional to R2T, that is, to the cluster
temperature and the area of its surface. We also note that
the frequency of the capillary oscillations () scales like
R3/2, that is, inversely proportional to the square root
of the number N of atoms in the cluster. Thetefore the
spectroscopic method allows us to resolve the individual
masses of the clusters if §Q2/Q ~ 1/(2N). For the pulse
laser Q0 ~ 77! and Q is given by Eq. (6). For the
atomic weight of 20 proton masses we substitute the
relation 47pR*/3 = 20m,N into Eq.(6) and find
the maximum number of atoms in cluster Npax ~ 3 X 103
for which the individual N still can be resolved via gen-
eration of the second harmonic from the pulsed Nd-YAG
laser.

As one of the possible applications of the discussed
effect let us consider the diagnostics of size distribu-
tion in a CO,-laser-driven synthesis of Si clusters [7],
where the concentration of nanometric liquid clusters is
typically of the order of 10'2 — 10'* cm™3. The experi-
mental setup sketched in Fig. 3 includes a pulsed dye (or
Nd-YAG) laser focused in the reaction zone and a record-
ing scheme for the second harmonic radiation genera-
ted there. A gated photon-counting system detects the
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FIG. 3. The experimental setup for diagnostics of the size
distribution of clusters in a laser-driven reaction by means of
second harmonic generation excitation of capillary oscillations.
It includes the following: (1) pulsed dye (or Nd-YAG) laser;
(2) reactor; (3) high-resolution spectrum analyzer; (4) gated
photon-counting system.

second harmonic signal after it passes through a high-
resolution spectrum analyzer. From the spectrum of the
second harmonic signal for known values of the den-
sity and the surface tension, with the help of the rela-
tion Q = Q3 = /300 /pR3, one gets the size distribution.
The estimate done as above for a focused Gaussian pump-
ing beam of wavelength A ~ 500 nm, energy W ~ 7 m]J,
and pulse duration 7 ~ 10 ns shows that clusters of radii
R ~ 1075 cm emit the net signal of 7 X 103 second har-
monic photons per pulse regardless of the diameter of
focus. Even by a simple collecting of only 2% of the
angulary spreaded second harmonic signal one still gets
enough photons for size diagnostics, whereas the situation
can be considerably improved via employing the statisti-
cal average method.

We conclude by noting that some cluster-chemical re-
actions such as oxidation or carburization of the surface
can also be detected via changing the nonlinear suscepti-
bility x® associated with the process.

*To whom all correspondence should be addressed.
TAlso at General Physics Institute RAS, Moscow, Russia.
[1] Currently clusters are the physical object of great interest;
concerning alkali-atom clusters see, for example, D. W.
Knight, K. Clemenger, W. A. Heer, W. A. Saunders, M. Y.
Chou, and M. L. Cohen, Phys. Rev. Lett. 52, 2142 (1984);
J. Lerme, M. Rollarin, J.L. Vialle, B. Baguenrad, and
M. Broyer, Phys. Rev. Lett. 68, 2818 (1992); V. Niher,
H. Gohlich, T. Lange, and T.P. Martin, Phys. Rev. Lett.
68, 3416 (1992); for nonmetalic clusters see, for example,
Y. Suyanna, R.M. Marra, J. S. Haggerty, and H.Hent

1234

(2]

(3

(4]

(6]

(71

Bower, Am. Ceram. Soc. Bull. 64 (1984); Y.A. Yang.
P. Xia, A.L. Junkin, and L. A. Bloomfield, Phys. Rev.
Lett. 66, 1205 (1991). For the review of modern status
of experimental art one can consult Small Particles and
Inorganic Clusters, edited by C. Chapon, M. F. Gillet, and
C.H. Henry (Springer, Berlin, 1989).

Submicron particles, that is, particles comesurated with
the wavelength of light can be analyzed with the help
of Mie scattering theory. See, for example, A. Ungunt,
G. Gerhan, and G. Gouesbet, App. Opt. 20, 17 (1981). For
more details see, for example, M. Kerker, The Scattering
of Light and Other Electromagnetic Radiation (Academic
Press, New York, 1968).

Broad lines of the plasmons do not allow us to use
this specific cluster frequency for the size measurement.
See, for example, W.T. de Heer, K. Selby, V. Kresin,
J. Masu, M. Vollmer, A. Chatelain, and W.D.
Knight, Phys. Rev. Lett. §9, 1805 (1987); W. Hoheisel,
K. Jungmann, M. Wollmer, R. Weidenauer, and F.
Tager, Phys. Rev. Lett. 60, 1649 (1988); C. Brechignac,
Ph. Cahuzac, N. Kepili, S. Leygnier, and A. Sarfati, Phys.
Rev. Lett. 68, 3916 (1992); 70, 2036 (1993).

For particles smaller than the wavelength of light the
second harmonic generation effect associated with the
light propagation is small; see N. Bloembergen, R.K.
Chang, S.S. Jha, and C.H. Lee, Phys. Rev. 174, 813
(1968).

Second harmonic generation is a powerful method for
experimental study of surfaces. See, for example, C.D.
Chen, A.R.B. de Castro, and Y.R. Shen, Phys. Rev.
Lett. 46, 145 (1981); J.E. Sipe, D.J. Moss, and H. M.
van Driel, Phys. Rev. B 35, 1129 (1987); J. Bloch,
G. Liipke, S. Janz, and H.M. van Driel, Phys. Rev. B
45, 12011 (1992); X.D. Zhu, Th. Rasing, and Y.R. Shen,
Phys. Rev. Lett. 61, 2883 (1988); T.J. Heinz, C. K. Chen,
D. Ricard, and Y.R. Shen, Phys. Rev. Lett. 48, 478
(1982);C. K. Chen, T.F. Heinz, D. Ricard, and Y.R. Shen,
Phys. Rev. Lett. 46, 1010 (1981);T.F. Heinz, M. M. T.
Loy, and W. A. Thompson, Phys. Rev. Lett. 54, 63 (1985);
S. Janz, D.J. Bottomley, and H. M. van Driel, Phys. Rev.
Lett. 66, 1010 (1991). For a more general view, see Y.R.
Shen, The Principles of Nonlinear Optics (John Wiley,
New York, 1984).

L.D. Landau and E.M. Lifshitz, Fluid Mechanics
(Pergamon Press, Oxford, 1982), p. 239.

For more details of this process see, for example,
E. Borsella, S. Botti, E. Giorgi, S. Martelli, S. Turtu,
and G. Zeppe, Appl. Phys. Lett. 63, 1345 (1993), and
references therein.



REACTION ZONE

1

DYE
LASER

SPECTRUM

i

48
=iy

" LENS

PHOTON 4
[COUNTER

FIG. 3. The experimental setup for diagnostics of the size
distribution of clusters in a laser-driven reaction by means of
second harmonic generation excitation of capillary oscillations.
It includes the following: (1) pulsed dye (or Nd-YAG) laser;
(2) reactor; (3) high-resolution spectrum analyzer; (4) gated
photon-counting system.



