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Quantitative study of cluster growth in free-jet expansions of CO,
by Rayleigh and Raman scattering
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The condensation produced in supersonic expansions of CO, is studied quantitatively combining Rayleigh

and Raman scattering. The cluster number density n,. and the mean cluster size N are obtained for five
expansions with stagnation pressures Py=1-5 bars, and temperature 7,=294 K, along axial and radial direc-

tions; n, and N are determined from the condensation onset up to a terminal size N.., verifying the empirical

law ]\_IOQOCP%B. A maximum growth rate dN/dt~8X 108 s! is estimated for the 5-bar expansion. The Raman
spectra show a coexistence of solid and liquidlike phases in the jet, with a progressive transition from the liquid

to the solid fraction as the clusters increase their size.
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I. INTRODUCTION

Clusters, an intermediate stage between the isolated atoms
or molecules and the bulk state, display unique and challeng-
ing properties, which are mostly due to their large surface-
to-volume ratio [1]. Much theoretical and experimental work
has been carried out about nucleation, cluster growth, and
accompanying structural changes, as well as their connection
with the bulk [2-5].

In addition to the applications of clusters in materials sci-
ence [6], attention has recently been paid to the interaction of
intense laser pulses with clusters generated in supersonic ex-
pansions [7]. Due to their small volume and density close to
that of the solid, it is more efficient to generate a hot plasma
by laser irradiation in clusters than by using gas or solid
targets. In this way, nuclear fusion has been produced from
deuterium clusters [8], as well as ultraviolet or x-ray bursts
from Ar and Kr clusters [9].

The interpretation of experiments involving clusters relies
on a good knowledge of their size and spatial distribution.
For instance, in the interaction of high-intensity laser radia-
tion with clusters, their density and average size are crucial
for the coupling dynamics [10,11], and even the cluster size
distribution is important concerning other parameters of the
interaction [12].

Supersonic nozzles [13] and free jets [14,15] are widely
used as cluster sources, yielding clusters of a broad size
range. Their characterization is possible by a number of ex-
perimental techniques. Some of them are based on extracting
a cluster beam out of the expansion, usually in the terminal
stages of the condensation. Mass spectrometry after electron
or photoionization provides a high sensitivity and cluster size
resolution [16,17]. Nevertheless, it needs corrections for
multiple ionization and ionization-induced fragmentation
that distort the original size distribution of neutral clusters
[18,19]. Scattering methods rely on the interaction of the
cluster beam with another beam of atoms or molecules
[20,21], or with a buffer gas [22]. Cluster-particle collision
models are required for the interpretation of these results.

Diffraction methods can be used within both supersonic
nozzles and free jets. Electron diffraction provides informa-
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tion on mean size, temperature, and crystal structure of the
clusters [23-25]. Small-angle neutron scattering has proved
to be a powerful tool allowing for the direct measurement of
nucleation rates and the size distribution of clusters produced
in Laval nozzles [26,27]. Recently, clusters themselves have
been diffracted through a transmission grating [28,29], lead-
ing to the determination of size distributions and binding
energies of He clusters. All these methods, however, cannot
be easily applied to track the evolution of the condensation
along the expansion.

In contrast, some optical methods are not restricted by the
aforementioned limitation. Rayleigh scattering has been ap-
plied to study the condensation in jets [30-32]. However,
Rayleigh scattering alone is not sufficient to separately pro-
vide information on mean size and cluster number density
[33]; therefore some other measurements or assumptions are
necessary. Within the approximation of total condensation,
relative mean cluster sizes were estimated by Rayleigh scat-
tering jointly with total density data obtained by other tech-
niques [11,34,35]. In more recent works Rayleigh scattering
has been combined with infrared absorption spectroscopy
[36], and with Mach-Zehnder interferometry [10,33]. In ad-
dition to Rayleigh scattering, linear [30,37] and nonlinear
Raman [38-40] spectroscopies have also been applied to the
diagnostic of clusters. In recent years linear Raman spectros-
copy has reached a high competitive level for the quantita-
tive study of supersonic jets [41,42], including the effect of
condensation on the flow [43] and the formation of clusters
[44].

In this work Rayleigh scattering is combined with linear
Raman spectroscopy for the quantitative characterization of
cluster growth in supersonic jets of CO,, reaching a high
spatial resolution. The basic quantities measured along the
jet are the intensities of Rayleigh scattering, and of rotational
and vibrational Raman lines. As shown below these data
yield information about cluster size, cluster number density,
and spatial and temporal evolution.

II. METHODOLOGY

The following notation will be employed: N is the number
of molecules forming a cluster, i.e., its number size; n is the
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total number density of molecules regardless of its aggrega-
tion state; and ny is the number density of clusters of size N.
Thus, n, is the number density of free molecules (mono-
mers), and n,=2ny, for N=2, is the number density of clus-
ters.

The total number density of a probe volume of the expan-
sion can be expressed as

l’l=l’ll+<N>l’lC, (1)

where (N) is the mean cluster size. The densities n and n,
can be measured by Raman spectroscopy as explained in
Sec. III.

For clusters much smaller than the wavelength of the ex-
citing radiation, the molecular polarizability behaves addi-
tively to a very good approximation. Thus, the Rayleigh in-
tensity Iy scattered by the excited volume is given by

In= c<n1 + 3 Nan>, ()

N=2

where C is a constant including the equilibrium molecular
polarizability and several instrumental factors. Since the
mean squared cluster size is (N?)=(ZN?ny)/n,, the Rayleigh
intensity becomes

Ig=C(n; +(N*)n,). (3)

To get rid of the constant C, it proves convenient to refer Iy
to an expansion free of condensation, where it becomes
10R=Cn. The reduced Rayleigh intensity /, is then given by

+<N2>%. (4)

~
= |

I, can be measured by combining Rayleigh and Raman scat-
tering data as explained in Sec. IV.

From Eqs. (1) and (4), the ratio N of the first two mo-
ments of the cluster size distribution can be expressed as
(N*>Y I.—ny/n

AT S ©

A narrow size distribution will be assumed here; this imply-

ing N=(N). Within this approximation the cluster number
density becomes

(1 =ny/n)?
=—n.

n.=

(6)

I,—ni/n

The two parameters N and n,, given by Egs. (5) and (6),
depend only on the quantities n, ny, and /,, which are directly
obtained from the experiment.

III. EXPERIMENT

Five supersonic expansions of CO, at stagnation pres-
sures Py=1-5 bars, and stagnation temperature 7,=294 K,
have been studied. The expansion chamber of 42X42
X 30 cm?, manufactured in aluminum, has been described
elsewhere in detail [37,42]. It contains a movable nozzle
controlled by micropositioning devices, as well as an optical
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system for scattering excitation and collection of the scat-
tered radiation. The nozzle is cylindrical, with a diameter
D=0.313 mm and internal length L= 1 mm. The expansions
were maintained stationary by means of a 1400 m?/h Roots
pump backed by a rotary pump.

A BeamLok 2080 Ar* laser from Spectra Physics, with
improved beam pointing and output power stability, was em-
ployed as excitation source at A=514.5 nm. The laser power
was about 1 W for Rayleigh scattering, and 5—8 W for the
Raman spectra. The laser beam was focused onto selected
points of the jet by a lens of 35 mm focal length, producing
a 14 wm beam waist. The scattered radiation was collected at
90° with respect to the laser beam and the expansion axis.

The scattered radiation was analyzed with a high-
sensitivity multichannel spectrometer [45], equipped with a
512X 512 pixel charge-coupled device (CCD) detector re-
frigerated by liquid nitrogen. The Raman spectra were re-
corded at 0.8 cm™! spectral resolution.

In order to avoid the perturbation of the clusters by the
shock waves of the expansion, all spectra were recorded well
within the zone of silence of the jet. The excitation-collection
optical system was kept fixed along the measurements, while
the nozzle was positioned to reach the point of interest. The
accuracy to locate a point within the expansion flow field is
about £10 um. Relative positions between two points are
reproducible to +1 um, which is the precision of the nozzle
micropositioning actuators. The spatial resolution of the ex-
periment is determined by the jet region actually seen by the
detector of the spectrometer. This is controlled by the CCD
readout system and by the laser beam waist. The representa-
tive spatial resolution in this work was about 0.05D along the
expansion axis z, and across this axis from 0.28D close to the
nozzle, up to 3.4D in the farthest measured points, where D
is the nozzle diameter.

The Rayleigh intensity I in the expansion was measured
averaging several records at each point. The chamber back-
ground signal was collected under identical conditions at
evacuated chamber. Subtracting this background from the
signal measured in the jet yielded the net signal due to the
molecules. The uncertainties in the Rayleigh intensities were
below 1% for the expansions at Po=3-35 bars, and below 2%
and 6% for the Py=2 and 1 bar jets, respectively.

The total number density n at a point of the expansion
was measured by integrating the Raman intensity of vibra-
tional bands (Q branches) of CO,: the monomer band at
1388.2 cm™!, and the bands around 1384—1386 cm™! due to
the condensed phases. Some examples of the Raman spectra
recorded from the Py,=5 bar expansion are shown in Fig. 1,
including spectrum (a) at the axial distance z/D=0.64 from
the nozzle, prior to the condensation onset. The vibrational
Raman intensity can be expressed as

K
RRaman = 571, (7)

ZU
where Z, is the vibrational partition function at the vibra-
tional temperature 7, of the gas, and K a coefficient that
depends on the exciting irradiance and wavelength, on the
scattering geometry, and on the molecular polarizability de-
rivative; K remains constant along the experiment and is de-
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FIG. 1. Raman spectra along the axis of a CO, expansion show-
ing the monomer Q branch at 1388.2 cm™!, and condensed phase
bands within the interval 1381—1387 cm™'. The spectra are scaled
to the maximum of the monomer Q branch. The spectral resolution
is 0.8 cm™".

termined by comparison with a static sample of the same gas
at known number density. The variation of 7, along the zone
of the expansion analyzed changes Z, by less than 2%
[37,43], so Z, was taken constant. Here Eq. (7) can be safely
applied to free as well as to condensed molecules, since the
biggest cluster size measured was around 1100 molecules.
For this size the effect of the internal field of the condensed
phase on the Raman scattering cross section [46] is negli-
gible. The estimated accuracy of the measured number den-
sities is 3% close to the nozzle, and 10% in the farthest
section of the jet.

Since the Raman signals from monomers and clusters are
spectrally resolved, as shown in Fig. 1, the fraction of free
molecules n;/n can be obtained from the ratio between the
intensity of the band at 1388.2 cm™' (monomers) and the
total intensity from 1381 to 1390 cm™!. The uncertainty of
the monomer fraction, on the order of 10%, is mainly due to
the comparatively weak signal of the condensed phases.

Other local flow quantities can be measured from the Ra-
man spectra [37]. For instance, the rotational temperature 7,
of the monomers can be obtained from the CO, rotational
Raman spectra with accuracy better than 1%. Under the
present conditions, these 7,’s are almost in equilibrium with
the translational temperature of the monomers [43,47]. Also,
the time elapsed as the monomers travel along the jet axis
can be inferred from the flow velocity, approximately deter-
mined from the Raman data and conservation equations [43].
This flow velocity is increased by the condensation heat re-
leased to the jet [43]; for instance, in the Py=1 and 5 bar
expansions the flow velocities at z/D=30 are, respectively,
around 40 and 90 m s~! greater than the isentropic velocity
of 616 m s~! at that point [47]. Therefore, the time needed by
the monomers to travel a given distance varies within 8% in
the five expansions. An estimate of this time is shown in the
upper scale of Figs. 2 to 4. However, as the clusters grow,
they become slower than the monomers [16] due to the in-
creasing inefficiency of the momentum exchange.
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FIG. 2. Total number density n and Rayleigh intensity /p along
the axis of CO, expansions. Solid lines are best fits. The dashed line
is Ig for the 1-bar jet. T, are the rotational temperatures at the onset
of condensation. Top axis indicates the time elapsed for the mono-
mers along the expansion.

IV. RESULTS

The total number density n measured along the axis of the
five expansions is shown in the lower part of Fig. 2. Best fits
to the experimental density data are depicted as solid lines. A
slightly faster drop of the total density with distance is ob-
served the higher is the stagnation pressure P,. This effect
may be attributed in part to a depletion of the lighter free
molecules from the jet axis [48]. The Rayleigh intensities Iy
are shown in the upper part of Fig. 2, scaled to minimize
their differences for z/D <1. In order to obtain /, according
to Eq. (4), I% is derived from the density best fits, scaled to
the Rayleigh intensity prior to the condensation onset. As an
example, the I% for the 1-bar expansion is shown as a dashed
line in Fig. 2. For the other four expansions Iy is somewhat
different. In Fig. 2 the condensation is revealed by the de-
parture of the Rayleigh intensity Iz from the IOR plot. The
onset of condensation occurs between z/D=1 and z/D =2,
closer to the nozzle for higher stagnation pressure P,. The
rotational temperature of the gas at the beginning of the con-
densation is included in Fig. 2. These temperatures are far
below the triple point of CO, (217 K) in all cases.

The monomer fractions n,/n measured along the jet axis,
and their best fits, are shown in Fig. 3. Again, the condensa-
tion onset is observed between z/D=1 and z/D=2, in
agreement with the Rayleigh results in Fig. 2. The present
values are consistent with estimates of the monomer fraction
in CO, expansions derived from the condensation energy
released to the flow: values of n;/n=0.95 and 0.91 at P,
=1 and 2 bars, respectively, were reported [43] at z/D=27
using a D=0.3 mm nozzle. In another work with a fairly
different setup a CO, monomer fraction of around 0.83 was
found in a Py=35 bar expansion [36]. However, this result is
not directly comparable to ours, due to the dependence of
clustering efficiency on the geometry and size of the nozzle

[17].
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FIG. 3. Monomer fraction n;/n along the axis of CO, expan-
sions. Continuous lines are best fits. Error bars are two standard
deviations. Top axis indicates the time elapsed for the monomers
along the expansion.

The cluster number density n, and the mean cluster size N
on the expansion axis are shown in Fig. 4. They have been
obtained from Egs. (5) and (6) using the fits to the total
number density n of Fig. 2 and to the monomer fraction n,/n
of Fig. 3. The cluster number density n, (Fig. 4, top) reaches
a maximum within one nozzle diameter after the condensa-
tion onset, then decreasing slower than the total number den-
sity n. Due to the different experimental conditions our re-
sults are only qualitatively comparable to the data on cluster
densities found in the literature: an Ar expansion through a
0.5 mm conical nozzle was reported to produce n.=5
X 10" m™ at z/D~6 with Py=~12 bars [10], and a CO,
expansion through a 0.7 mm capillary tube generated n.
~6Xx 10" m™3 at Py=5 bars [36]. This last work on CO,
shows that the higher the stagnation pressure P, the lower
the cluster number density 7., a conclusion confirmed by the

present results. The mean cluster size N (Fig. 4, bottom)
shows a fast growth up to a near constant size reached at
z/D =20, with a similar behavior in the Py=3-5 bar plots.

As far as we can observe the growth rate dN/dt decreases
monotonically after the condensation onset. For the 5-bar
expansion a maximum growth rate of 8X 10% s7! is esti-
mated at z/D=1, assuming a cluster velocity equal to the
isentropic one; this is a good approximation for the very first
stage of the condensation. The maximum mean size attained
N= 1100 corresponds to a sphere of diameter 4.5 nm, taking
2.317 X 10% m=3 for the number density of the crystal. This
estimated size of the biggest cluster is much smaller than the
exciting laser wavelength, justifying the additivity of the mo-
lecular polarizability in Eq. (2).

Most experimental cluster sizes so far reported are termi-
nal mean values in the expansion, N.. They are found to
obey the empirical law N.,o(I'"")" [15,49], with m=2.0 to
2.5. The scaling factor F*szODZqTO'S depends on the
equivalent nozzle diameter D,, and on the stagnation condi-
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FIG. 4. Cluster number density 7, (top) and mean cluster size N
(bottom) along the axis of CO, expansions. Error bars are two
standard deviations. Top axis indicates the time elapsed for the
monomers along the expansion.

tions Py, T,, while the constants k,q,s, are characteristics of
the gas. This empirical law has been applied mostly to metals
and noble gases for a wide range of I'"* [20,33,50], though
some polyatomic gases, like H, [11], N,O [35], and CO,
[23,36,51] have also been modeled this way. The values of N
obtained in this work for the farthest axial points are ex-

pected to be close to N, since the growth rate is very low at
z/D>?20, as shown in Fig. 4. The mean cluster size at z/D
=12.8 is depicted versus P, in Fig. 5. These data obey a

law N=cP”, in agreement with the model described above,
with the fitted parameters c=24.5 and m=2.23+0.15. The
value of m obtained here compares well with m=2.2 to 2.4
reported for CO, [23,36,51]. The comparison with the results
of [23], shown in Fig. 5, is particularly meaningful since
their clusters were generated under similar conditions:
D=0.4 mm and 7,,=300 K.

The distribution of clusters along directions r perpendicu-
lar to the expansion axis has also been investigated here.
Three representative sections of the Py=5 bar expansion will
be discussed. At z/D=2.6 and z/D=6.4 the monomer frac-
tion n;/n decreases radially as a nearly Gaussian function,

053204-4



QUANTITATIVE STUDY OF CLUSTER GROWTH IN...

— —
<
1000 4
O Torchet et al. Ref. [23] $ ]
r @ this work ]
= 100 .
fol—— e o | - . T
1 10
P, (bar)

FIG. 5. CO, mean cluster size N versus stagnation pressure P,
at z/D=12.8. The straight line is the best fit discussed in the text.

while at z/D=12.8 it remains almost constant with n;/n
~().87. The corresponding radial distributions of n, n., and N

are shown in Fig. 6. The N radial profile at z/D=2.6 shows a
shallow minimum on the axis. This may be attributed to the
nearly spherical symmetry of the initial stages of the cluster
growth, with center at the nozzle. Downstream, the mean

cluster size N shows up a concentration of the larger clusters
on the jet axis. This enrichment is consistent with the sepa-
ration of species with different masses caused by different
perpendicular speed ratios [14,52].

V. DISCUSSION

Raman spectroscopy also provides qualitative information
on the phases of the clusters. The Py=5 bar expansion, of
which several spectra are shown in Fig. 1, will be discussed
as a representative example. The recorded Raman spectra
present two main features assigned to the clusters [39]. In the
present work we observe how their relative intensities do
evolve as the clusters grow. At the beginning of the conden-
sation a band appears at about 1386 cm™' (Fig. 1, spectrum
b), at z/D=1.3, which corresponds to a mean cluster size

N=150. This band shifts toward 1385 cm™" as the clusters
become larger. We assign it to a liquidlike phase by compari-
son with previous studies in dense CO, gas, where the mono-
mer band at 1388.2 cm™! is reported to shift toward the band
of the liquid at 1385 cm™! as the density increases [53]. An-
other peak at 1384 cm™!, identified with the crystal [54], be-
gins to show up around z/D=1.6 (Fig. 1, spectrum c), be-
coming the dominant feature after ~1 us. In the light of the
present results it is not possible to conclude whether the co-
existence of these liquid and solid phases occurs within the
same or in different clusters. This problem has been dis-
cussed in the literature with contradictory conclusions
[23,51,55-57].

The cluster temperature has been reported to be higher
than that of the monomers [24,38,58]. This is attributed to
the condensation heat [59], which is not efficiently released
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FIG. 6. Total number density n (top), cluster number density n,
(top), and mean cluster size N (bottom), along radial directions at
three z/D sections of the 5-bar CO, expansion. Error bars are two
standard deviations.

to the surrounding bath, rising therefore the temperature of
the clusters. Electron diffraction studies on CO, clusters
[23,24] reported terminal cluster temperatures, independent
of the cluster size, of about 110 K, this including the effect
of the evaporative cooling. It is not possible to establish the
cluster temperature from the present data, but, as a compari-
son, the bath temperatures 7, at selected points of the P,
=5 bar expansion are included in Fig. 1.

Finally, it should be pointed out that the approximation
assumed in this work, considering the ratio (N?)/(N) as the
mean cluster size ]V:(N), is a simplification of the actual
cluster size distribution. This is well approximated by a log-
normal distribution function [60,61], which has been suc-
cessfully applied to describe the condensation in free jets,
from clusters with few molecules [62] up to aggregates of
several thousand particles [21]. The ratio between the size N
given by Eq. (5) and the average size (N) of a log-normal
distribution with geometric standard deviation o, can be
written as N/(N)=exp(In®> o). Metallic particles of diameter
larger than 3 nm were found to show a log-normal size
distribution with o=1.4—1.6 [63]. Though our clusters are
smaller and nonmetallic, we employ this o range to conclude

that our mean cluster size N is overestimated by about
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12-25 % with respect to the log-normal average size. Similar
arguments on Ar expansions [33] assuming a Gaussian size
distribution led to a comparable overestimation of 20%.

VI. CONCLUSIONS

In this work we have shown that the combination of Ray-
leigh and Raman scattering within the same experiment, us-
ing the same instrumentation and optical configuration, pro-
vides an useful nonintrusive methodology for the
quantitative diagnostics of molecular condensation in con-
tinuous supersonic jets. The information is retrieved here in a
more direct way than by other optical or mass selective tech-
niques, and in comparison with other studies with pulsed
nozzles the accuracy and reproducibility of our experiment is
better. More important is, however, that the use of nonpulsed
nozzles allows us to come close enough to the origin of the
expansion to observe the complete condensation process,
from the onset up to the terminal steady stage.

Primarily, under the assumption of a narrow cluster size
distribution, the methodology enables us to measure the clus-
ter number density, as well as the mean size of the growing
clusters. But also, a wealth of relevant information on other
aspects of cluster growth is obtained. For instance, the su-
perb spatial resolution of the method (few microns), both
along the axial and radial directions of the expansion, allows
for a precise mapping of cluster sizes and densities. In addi-
tion, the spatial resolution along the expansion axis can ap-
proximately be transformed into a temporal resolution, yield-
ing an estimate for the local growth rates at a given density
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and temperature of the monomer bath. Furthermore, the co-
existence of gas, cluster, liquid and solid phases and their
evolution along the jet can be probed from the corresponding
vibrational Raman bands.

The experimental procedure has been tested here on CO,,
a relatively well-known system, and a good agreement has
been found with previous works. It is expected however that
the growth rates obtained will be useful for testing conden-
sation models.

The outlined methodology, based on the combination of
Rayleigh and Raman scattering, is highly universal as far as
the condensing species is concerned. It can be applied to
other small molecules like H,, N,, H,O, or CH,, and their
mixtures with noble gases, with no more limitations than in
the present work. Furthermore, a much broader range of
source conditions than used here can be explored with a
modest effort, for instance heating or cooling the nozzle for a
wider range of pressures, or using slit nozzles. This can sub-
stantially widen the working ranges and may complement to
good a measure the information from other techniques.

Last, throughout the present work the resolution of the
recorded Raman spectra has been 0.8 cm™'. Since this poses
a severe limitation to size-resolved studies of the small clus-
ters, work is in progress at our laboratory in order to improve
the spectral resolution by at least one order of magnitude.
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