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The transition in cluster growth from succesive monomer absorption to cluster coa-
lescence has been observed for CO, condensed in a supersonic beam under high pres-
sure. A model which considers all cluster-cluster reactions achieves good qualitative
agreement with the measured size distributions of the clusters. This is the first at-
tempt to fit an experimental cluster spectrum from a first-principles model.
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In this paper growth of matter in its first stages
is described. At the beginning successive atom
absorption is the leading process, gradually
changing to coagulation when the density of clus-
ters is high enough for coalescence. Both proc-
esses are characterized by typical size distribu-
tions: Steeply, roughly exponentially decreasing
size distributions are predicted by nucleation
theory if the condensate mass fraction is small;
this is verified by experiments.? On the other
hand, growth of particles by coalescence leads to
a Gaussian distribution for the logarithm of the
size; this has been shown for particles produced
by inert-gas evaporation® and for island formation
in discontinuous films.* However, this so called
log-normal size distribution could not be continu-
ously shifted to smaller sizes where its qualita-
tive change is expected. We report on the first
observation of this transition and present a model
which explains the measured distributions by fit-
ting a single parameter which measures the de-
gree of nucleation.

Supersonic nozzle expansion has been a current
tool to study homogeneous nucleation for many
years.!'5 Much of the interest was devoted to
calculating the critical supersaturation at the con-
densation onset and in most cases the steady-
state hypothesis®” was assumed. Mass spectrom-
etry of the expanded beams has become a current
topic.*”® Rather few spectra, however, have
been reported for larger clusters (size i 2 10?
molecules per cluster)®!%; and these spectra are
distorted by the occurrence of multiply charged
clusters and their fragment ions.'*'** No spectra
have been reported which demonstrate the quali-
tative change in the size distributions in the tran-
sition from successive monomer absorption to
cluster coagulation; and no attempt has been

© 1982 The American Physical Society

made to fit a mass spectrum from a first-princi-
ples theory. This is mainly because of the enor-
mous difficulty of calculating the thermodynamic
properties of the clusters.'”® In this Letter we
present a set of mass spectra of CO, clusters
which are free of the above-mentioned distortions.
The size distributions recorded with high stagna-
tion pressures are no longer compatible with the
steady-state hypothesis. Instead, the small clus-
ters decrease in intensity until they completely
disappear when the pressure becomes high enough.
We also present a model which explains qualita-
tively the observed mass spectra by a cluster-
cluster coagulation mechanism for growth.

The clusters are produced by adiabatic expan-
sion of CO, (purity 99.995%) through a capillary
(diameter 0.2 mm, length 20 mm) into vacuum;
homogeneous nucleation occurs in the supersonic
jet.'* For a given gas, nozzle geometry, and
nozzle temperature T',, the mean cluster size can
be varied by changing the stagnation pressure p,.
The jet is skimmed by two conical collimators;
the pressure behind the nozzle is kept below 1073
mbar by cooling the walls of the expansion cham-
ber with liquid nitrogen. The jet enters the time-
of -flight mass spectrometer'® where it is ionized
by a pulsed electron beam with an energy of 35
eV. At this energy double ionization of CO, clus-
ters and thus dissociation by Coulomb explosion
is avoided.'*'*? Further reduction of the electron
energy down to 25 eV had no effect on the record-
ed mass spectra.

The ions are axially accelerated to 2 keV and
enter a drift tube of length 110 cm. The axial
arrangement prevents mass discrimination for
large clusters which already have an appreciable
kinetic energy in the neutral jet (£;=0.07; eV
where i is the number of molecules in the clus-
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ter). On the other hand, the distortion of the
linear relation between the time of flight and the
square root of the cluster size i is still negligi-
ble as long as i <3x10% At the end of the drift
tube, the cluster ions hit the cathode (activated
CuBe plate) of a discrete electron multiplier and
are detected by single-ion counting. The time
elapsed between the pulse of the ionizing elec-
trons and the detector signal is digitized and
stored in a multichannel analyzer.

A comparison between a size distribution, cal-
culated for neutral clusters, and a mass spec-
trum, exploiting electron-impact ionization and
single-ion detection, requires knowledge of the
size dependences of the ionization cross section,
04, and of the detection probability, ;. 0; is ex-
pected to increase linearly with the geometrical
cross section of the cluster, i.e., o; xi %3, if the
cluster is sufficiently large (¢ = 30).}® This rela-
tion, in accordance with experiments, holds be-
cause low-energy electrons can only ionize a sur-
face layer of a large cluster.

In a conventional ion detector, the secondary-
electron yield and thus the detection efficiency
for cluster ions with kinetic energies in the
kiloelectronvolt range decrease with increasing
size 7.!7 The exact dependence of 7; on is a
sensitive function of various parameters such as
the kinetic energy, monomer mass, and state of
the target surface. To avoid this complication,
we chose a detector design which allows for de-
tection of clusters as large as i =107, with an
efficiency essentially independent of the cluster
size.'° This is achieved by a grid in front of the
cathode. The cluster ions hit the grid with an en-
ergy of 2 keV; they immediately boil off most of
their neutral molecules, resulting in a small ion
which is focused and post-accelerated to the
cathode by a potential of 3.5 kV. This process
ensures a constant detection probability for large
clusters which would remain undetectable without
a stripping grid.

Figure 1 displays mass spectra of CO, clusters
produced by expansion of CO, at constant nozzle
temperature, T,=225 K, but increasing stagna-
tion pressure p,. The apparent onset of nuclea-
tion occurs at p,~ 100 mbar (not shown in Fig. 1).
The usual, roughly exponential intensity decrease
with increasing size is observed up to 700 mbar.
(Our spectrometer resolves individual mass peaks
up to ¢~ 100,'% but in the reproduction of Fig. 1
they merge into a band.'®) The distributions then
gradually become peaked with increasing p,. For
$,> 2000 mbar, small clusters (apart from the
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FIG. 1. Mass spectra of CO, clusters for increasing
stagnation pressures p,, demonstrating the qualitative
change in the size distributions. The ions which are
visible in the left part (i < 8) of the high-pressure
spectra are due to background gas, except for the
monomer. The theoretical intensities were calculated
by numerical integration of Egs. (6) and multiplied by
a factor proportional to the ionization cross section.
Another factor proportional to Vi was introduced for
the unresolved parts of the spectra (solid lines, see
text for explanation). For the resolved parts (dashed
lines) this factor was not included. The value of the
parameter 7, which measures the degree of coagula-
tion, is fitted to achieve optimum accord with experi-
ment in every spectrum.

T T

monomer) are absent.'® Until now we have ap-
plied stagnation pressures up to 8000 mbar, re-
sulting in a mean cluster ion size of (/) =4100 and
zero intensity in the size range 2 <i s 1000.

The model we have developed allows in general
the fitting of the cluster size distribution as a
function of a single parameter 7 which measures
the degree of condensation. The main assump-
tion we make is that the supersaturation is high
enough to neglect evaporations, as compared to
condensations, for all cluster sizes. In other
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words, we suppose that the critical cluster size

reduces to the monomer. Then the kinetic equa-
tions for all cluster-cluster reactions are solved
in general. These equations read®

= 2 Cijnin;— Eciknink' (1)
itj=k [
=71

The first term on the right-hand side is the
rate at which k2-size clusters are formed by coag-
ulation and the second term is the rate at which
they are lost for the 2 size by growth to larger
sizes. n; is the concentration per unit volume of
i-size clusters and the coefficients C;;, which
give the coagulation rate, read®

dny
dt

T\1/2 ) \1/2
cijzzgij<%> <m_w> ) @)
m mym;

m; is the mass of an i-size cluster (n; =m i)

and 0;; is the total cross section for coagulation
of an z-size cluster with a j-size cluster. If we
assume a sticking coefficient of unity and a drop-
let model of the clusters it simply reads 7(R;+R;)?
with R;=R i*/3 being the radius of i-size clusters.
The sticking coefficient of unity is well justified
when the clusters become large because of the low-
er relative velocity and the existence of many vi-
brational modes into which the translational ener-
gy can be accomodated. Therefore

C.. (il/s +j1/3)2<i +j>1/2
S ¥ A 3
Cy; o e 7 . (3)

For a given ¢ +j, these coefficients are larger
the smaller is ¢ and the larger is j or vice versa.
This is because of the combination of the large
cross section of one of the clusters and the high
velocity of the other and explains why the smaller
clusters disappear as soon as the larger ones
are formed. Let V(¢) be the volume enclosing a
macroscopic number N of molecules at time ¢
and let N; be the number of i-size clusters in the
same volume. Now we make the following trans-
formation of variables to have the kinetic equa-
tions dimensionless:

Yli*=Ni/N, (4)
and
t kT(t') 1/2 N
= 2 TN t'. 5
T fo 167R, <ml ) V(t’)d (5)
Then Eq. (1) becomes
dn ¥ -
;: = 2 Cijtngtn* =2, Cip¥nitng, *, (6)
itj=k [

1=j

with the initial condition »n;* =6,; for 7 =0. Equa-

tions (1) and (6) appear in the context of aerosol
coagulation kinetics**2" and considerable prog-
ress has been achieved in their solution for a
diffusion regime and for a free-molecule regime,
as in our case. The nice result is that Eqs. (6)
are independent of the particular conditions of
the condensation process and even of the conden-
sable gas. They can be solved once and forever,
giving for any gas the relative concentrations n;*
as a function of the parameter 7. Notice in Eq.
(5) that, as the gas expands into the vacuum
chamber, V-, Thus 7 reaches a maximum val-
ue and the cluster distribution becomes frozen
without evolving any more in time, as one would
expect.

For comparison of the theory with the mass
spectra, we corrected the calculated distributions
with the size dependence of the ionization cross
section, multiplying #;* by a factor proportional
to oy <%/ (cf. above). Also, as the spectra were
recorded with a time-of-flight technique, the the-
oretical intensities dr;*/di had to be multiplied
by an additional factor proportional to Vi account-
ing for the time-to-mass conversion in the unre-
solved part of the spectrum. For the resolved
part this factor must not be introduced since in-
dividual peaks are observed instead of density
per unit time. In Fig. 1 we show the corrected
theoretical intensities for the resolved (dashed
line) and the unresolved (solid line) parts of the
spectra. The agreement of these one-parameter
fits is very good for p,= 1000 mbar. As apparent
from the top spectrum in Fig. 1, the initial stages
of the condensation process cannot be well de-
scribed by our fit because of the assumption un-
derlying Eq. (1), that is the neglect of the nuclea-
tion step. But this will be unimportant for latter
times since any reasonable initial distribution
will converge to the same “self-preserving” size
distribution for large 7.22 A certain delay in the
effective 7 may occur, however. Deviation from
experiment in the last spectrum may be due to
the effect of attractive forces between the clus-
ters®” and more work will be needed in this direc-
tion.

There remains the problem of how the heat of
condensation is evacuated from the clusters.?®
On this point it must be realized that the heat
produced by the coagulation of an ¢ cluster with
a j cluster (with i, > 1) is enormously less than
the heat produced by the condensation of ¢ mono-
mers on a j cluster, as in steady-state nuclea-
tion. Therefore, after the cluster distribution
has attained a certain size and most of the mass
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is on clusters above that size, the coagulation
can continue with relatively little production of
heat. The clusters can transfer this internal heat
to the beam translational energy by exchanging
fast monomers: A monomer evaporated from a
hot cluster will be recaptured by another cluster,
at a lower mean relative velocity, and the sys-
tem will gain relative momentum and lose inter-
nal energy. Only a small portion of monomers
would be always present, just enough to deal with
the extra heat produced by the coagulation at that
moment. In fact, we observe experimentally that
for high stagnation pressures 10% of the mass
flux in the neutral beam is in the form of mono-
mers. These may partly come from the mono-
mers being exchanged, from interference of clus-
ters with the skimmer and background gas, and
from the evaporations of hot clusters during their
free flight (about 1 ms) to the ionizer.?®
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