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ABSTRACT

Cluster-cluster collision is one of the methods to produce multi-element cluster
complexes, in which the mechanism of coalescence is not clear. We have built up an
apparatus to study the low-energy collisions between a size-selected metal cluster ion
and a neutral molecular cluster by using a merging-beam technique in a pulsed mode.
By use of this apparatus, we demonstrate the production of the cluster complexes in the
collision of a cobalt dimer ion with a neutral argon cluster as an example. In this
collision, the cluster complexes, Co,"Ar, (n = 1-30), are observed and the size
distribution is dependent on the relative velocity. The production efficiency of the
cluster complexes is shown as a function of the relative velocity of the collision, and the
incorporation process is explained on the basis of the electrostatic interaction and the

hard-sphere interaction below and above the relative velocity of 200 m/s respectively.
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1. Introduction

Multi-element clusters attract much interest because of their chemical and physical
properties [1], and it is expected that they are utilized in the field of catalysis [2],
optoelectronics [3], biomedicine [4], and so on. Actually their properties are critically
dependent on the size, composition and atomic ordering, and it should be important to
control the above parameters in order to enhance their functionality.

The synthesis of multi-element clusters involves complicated processes, and
hence there is a variety of techniques available for producing different types of
multi-element clusters. Typically, they are produced in the gas phase [5-7], in the
colloidal solutions [8-10], and on the surfaces [11, 12]. In the past decade or so, the
sequential pick-up of various atoms by helium droplets has been established as an
important method [13-17]. This is not only applied to the formation of multi-element
clusters in the droplets, but also applied to a non-destructive deposition of the clusters
on solid surfaces. Then the size, composition and atomic ordering of the
multi-element clusters produced depend on the production method significantly. One
of the attractive ways to produce these multi-element clusters is to make use of
low-energy collisions between clusters which consist of different elements under
controlled conditions in the gas phase. Recently, Singh ef al. have produced the cluster
complexes composed of non-size-selected clusters (silicon clusters and silver clusters),
which were generated separately by using magnetron sputter sources [18].

Physical aspects of the cluster complex formation have been studied in the gas
phase by analogy with the nuclear fusion since 1990s [19-21]. Schmidt et al. have
investigated the collision between sodium clusters by wusing a quantum
mechanical-molecular dynamics method, and have revealed that the collision dynamics
changes from the fusion to the deep inelastic collision according to the collision energy
and the impact parameter. Campbell and co-workers have measured experimentally
the fusion cross sections between Cgp" and Cg in the energy region of 60-300 eV, and
have found that the cross section shows a maximum of ~2 A” at the collision energy of
140 eV.

Recently we have built up an experimental apparatus for merging beams to
study the cluster-cluster collisions in a low energy region. In this article, we report
characteristic results obtained in the collision between a neutral argon cluster and a
size-selected cobalt dimer ion. This is a typical example of the collision between a
cluster of soft matter and a cluster of hard matter. In a low-energy collision, a metal

cluster ion can be incorporated into an argon cluster, and then the incorporated metal
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cluster turns out to have below liquid argon temperature after the release of some argon
atoms. This method should be compared with the production of a metal cluster in (or
on) a rare-gas cluster by using a pick-up cell [13-17, 22]. For example, a silver cluster
has been produced in an argon cluster by the pick-up of silver atoms, and optical
properties have been measured at a low temperature [22]. In contrast, without
preparing rare-gas clusters in advance, a cryogenic drift tube or ion trap is also utilized
to attach helium atoms onto an ionic species [23-25]. More generally, argon-attached
metal clusters have been produced in argon-mixed carrier gas [26, 27], and their optical
absorption spectra have been measured. Our method presented here suggests a
possibility to attach argon atoms onto a size-selected metal cluster ion. In the future,
we can also perform the spectroscopic measurements of the cold cluster ions in a higher

resolution by using this merging-beam type collision apparatus.
2. Experimental

A schematic drawing of the apparatus employed is shown in Figure 1. Cobalt cluster
ions were produced in Source 1 by using laser ablation. A rotating and reciprocating
cobalt disk (99.9% in purity) was ablated by pulsed green light (wavelength of 532 nm,
repetition rate of 10 Hz, pulse width of ~5 ns, energy of < 10 mJ/pulse) focused on the
disk surface from an Nd:YAG laser (Tempest 50, New Wave Research). Source 1 was
mounted on a cold head cooled by liquid nitrogen, and generated cobalt atoms and ions
were cooled at the condensation cell in Source 1 by pulsed helium gas (stagnation
pressure of 1.5 bar, pulse duration of 2.3 ms, repetition rate of 10 Hz) from a solenoid
valve (General Valve series 99, Parker Hannifin) with the orifice of 0.5 mm in diameter,
and were allowed to aggregate together. Produced cobalt cluster ions were guided by
an octopole ion beam guide (OPIG 1) passing through a deceleration cell with the
length of 200 mm, and their translational-energy spread was compressed by the
collision with helium gas (~107 Torr) in the deceleration cell, as reported by Woste and
co-workers in Ref. 28. Then the cluster ions were mass-selected by a quadrupole mass
selector (QMS 1) (GP-203D and 150-QC, Extrel), and allowed to enter another octopole
ion beam guide (OPIG 2) by a quadrupole deflector (QDEF). OPIG 2 consists of eight
molybdenum rods with the diameter of 3 mm and the length of 421 mm which are
arranged on a 12-mm diameter circle.

Argon clusters were also introduced to OPIG 2, and the mass-selected cobalt
cluster ions collided with these argon clusters in OPIG 2 at low collision energies.

These argon clusters were prepared by the supersonic expansion of pulsed argon gas
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(stagnation pressure of 20 bar, pulse duration of 250 ps, repetition rate of 10 Hz) from a
solenoid valve (General Valve series 99, Parker Hannifin) with the orifice of 0.25 mm in
diameter (shown as Source 2). The produced argon clusters were separated by a
molecular beam skimmer (orifice diameter of 2 mm, Beam Dynamics) placed at 44 mm
downstream from the outlet of the valve, passed straight through QDEF, and entered
OPIG 2. The cobalt cluster ions caught up and collided with the argon clusters in
OPIG 2 (collision region) as shown in the inset of Figure 1. The typical spread of the
translational energy of the cobalt cluster ions was ~1.3 eV (FWHM) in OPIG 2, which
was measured by the retarding potential method. The translational energy of the cobalt
cluster ions in OPIG 2 was controlled by adjusting the DC bias of OPIG 2, and typically
the mean relative velocity of cobalt cluster ions to argon clusters was regulated in the
range of 20 — 4x10° m/s. The RF voltage applied to OPIG 2 was fixed to 250 V., and
its frequency was ~4 MHz. The cluster ions were trapped in the effective potential
generated by the RF electric field. We confirmed that the trapping efficiency of the
product ions was not reduced even at 100 V. The power supplies for the OPIGs
were assembled by reference to Ref. 29. The product ions, "cluster complexes"”, were
mass-analyzed by another quadrupole mass selector (QMS 2) (GP-203D and 150-QC,
Extrel), and detected by a secondary electron multiplier (SEM) (Channeltron 4139S,
Photonis). The electrical signals were processed by a pulse amplifier/discriminator
(F-100T, Advanced Research Instruments), and counted by a personal computer.

By using liquid nitrogen coolant at the cold head of Source 1, the intensity of
Co," increased twenty-fold in comparison with that at room temperature while the
intensity of Co" dropped down to 10%, and they were comparable in the intensity with
each other at liquid nitrogen temperature. Moreover, the shot-by-shot fluctuations of
the intensities of the cobalt cluster ions were reduced, and the larger clusters were also
obtained. Here we define the time when the Nd:YAG laser was fired to the cobalt disk
target as = 0. Under a typical condition, a bunch of cobalt dimer ions arrives at the
halfway point of OPIG 2 at r = 1.32 ms. The solenoid valve for the argon-cluster
production opens at t = 0.59 ms, and a bunch of argon clusters overlaps with that of
cobalt dimer ions at the halfway point of OPIG 2 at t = 1.32 ms. We cannot measure
the actual size distribution of the neutral argon clusters produced, but to confirm the
production of clusters at least, we measured mass spectra of the argon cluster ions by
using an ionization source just in front of the skimmer. Figure 2 shows a typical mass
spectrum of the argon clusters ionized by the electron impact, which was measured by
the SEM arranged at an off-axis position from the argon cluster beam to avoid the

non-ionized neutral atoms and clusters which may generate background signals
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independent of the mass analysis. The measured mass spectrum has clear peaks of
Ar,"” (p < 50), and indicates that larger neutral argon clusters should be originally
produced at Source 2 in consideration of the evaporation of the argon atoms from the
cluster in the ionization process. The intensity drop at p = 20 in the mass spectrum,
which has been already reported [30-35], is also recognized. When the SEM was set
to an on-axis position of the argon cluster beam, we could also detect neutral argon
atoms excited by the electron impact. The observed time profile had a gaussian shape,
and the averaged velocity of neutral argon atoms and clusters was estimated to be ~520
m/s from the arrival time of the excited neutrals at the detector. Buck and co-workers
have measured the velocity of argon clusters as 435.8-556.5 m/s at the nozzle
temperature of 300 K and the stagnation pressure of 1.5-2.5 bar with their conical

nozzles [36].
3. Results and Discussion

Figure 3(a) shows a mass spectrum of the cluster complexes produced by the collision
between the neutral argon clusters and the mass-selected Co," with the relative velocity
of 570 m/s. This relative velocity can be controlled by changing the velocity of Co,",
which is ruled through the DC bias of OPIG 2. This mass spectrum demonstrates that
Co,"Ar, is produced up to n = 30 at least. For comparison, a mass spectrum of Co*Ar,
produced by the collision between neutral argon clusters and Co" is also shown in
Figure 3(b). In the mass spectrum of Co"Ar,, Co"Ar; has irregularly a large drop in
the abundance in comparison with Co*Arg, and the ion intensity decreases smoothly
again in n > 7. This result indicates that Co*Are has a significantly stable structure.
The stability of CoArg and the other transition metal ions, M*Arg (M = Ti, Ni, Nb, Rh
and Pt) has been already reported in Refs. 37-41, and it has been suggested that the six
argon atoms occupy vertexes of an octahedron where the transition metal ion is located
at the center. In the mass spectrum of Co,"Ar, [see Figure 3(a)], a sudden abundance
drop is also found between n = 6 and 7, and additionally an abundance rise is
recognized at n = 12. This shows that Co,"Arg and Co,"Ar;, have relatively stable
structures. Fielicke and co-workers have measured vibrational spectra of Co,"Ar (n =
4-8), and clearly indicated that the argon atom prefers an on-top site of Co," [27].
Therefore, it is considered that each cobalt atom in Co,"Arg holds three argon atoms on
the on-top sites and a stable structure of Ar;—(Co—Co)'—Ar; is formed. Further, in
Co,"Ary,, additional six argon atoms attach onto the bridge site of Co—Co, and make a

six-membered ring around the Co—Co bond. Consequently the twelve argon atoms in
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Co,"Arj, complete a distorted icosahedral shell around Co,".  This might be a possible
reason of the higher stability of Co,"Arg and Co,*Ar,.

Total intensity of the cluster complexes, Co,"Ar, (n > 1), is shown as a function
of the relative velocity in Figure 4. In the relative velocity (vi) region of < 200 m/s,
the total intensity is inversely proportional to the relative velocity. This suggests that
the charge—induced dipole interaction [42, 43] between Co," and a neutral argon cluster
is dominant in the production of the cluster complex, Co, Ar,. The total intensity of
Co,"Ar, once levels off in v > 200 m/s, and this shows that a hard-sphere type
interaction [43] dominates the collision and the complex production. In the higher
relative velocity region (v = 1000 m/s), the complex intensity decreases again.
Probably this is because a cobalt dimer ion which collides with an argon cluster at a
sufficiently small impact parameter can stop at the inside of the argon cluster. At a
grazing collision, where a cobalt dimer ion collides the outer part of an argon cluster,
the cobalt dimer ion can break through the argon cluster.

The size distribution of Co,"Ar, depends on the relative velocity of the
collision significantly. As shown in Figure 5, the abundance of Co,"Ar, decreases
more gently with the increase of n at v = 570 m/s than at v, = 1300 m/s, and almost
levels off at n = 25. It is assumed that Co,"Ar, is produced via the sequential
evaporation of argon atoms from the collisional intermediate, Co," Ary, as follows,

Co," + Ary = Cor"Ary — Coy"Ary. + Ar —>...— Coy'Ar, + (N-n)Ar. (1)

where N and n represent the size of the neutral argon cluster just before the collision and
the number of remaining argon atoms after the evaporation respectively. Under
employed experimental conditions, the relative velocity of Co," to Ary is constant, and
then the collision energy depends on the mass of Ary. For example, at v = 570 m/s,
the collision energy is 0.09 eV for Co," with Ar,, and 0.21 eV with Arsg.  This collision
energy and the potential energy difference between Co,"Ary and Co," + Ary are
exhausted in the evaporation of the argon atoms from the collisional intermediate,
Co,"Ary. The potential energy difference can be estimated to be the summation of the
difference between the bond dissociation energy of Co,"Ary.;—Ar and that of Ary—Ar.
The bond dissociation energy of Co,"Ary.j—Ar is approximated to be 67 meV from
those of argon cluster ions [44], while that of Ary;—Ar is considered to be 56 meV [45].
Then the potential energy difference between Co,"Ary and Co," + Ary turns out to be
0.55 eV at N = 50. As a result, the available energy of the collisional intermediate,
Co,"Ary, is assumed to be 0.76 eV (= 0.55 eV + 0.21 eV) totally, and it is considered
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that eleven argon atoms can evaporate from Co,"Ary at N = 50 energetically. This
energetics is combined with a log-normal distribution of Ary [46], and a size distribution
of Co,"Ar, is estimated.

The beam diameter of Co," at the collision region is supposed to be smaller
than that of Ary because the divergence of Co," is limited by the effective potential of
OPIG 2 while the beam of Ary is independent of the electric field. This means that all
of Co," have the possibility to be incorporated into Ary. The intensity of the

collisional intermediate, 1 Ve N ), is estimated as follows,

Co, " Ary (
IC02+ArN (vrel’ N) = IC02+ (Vrel ) X IAr,v (N) X Pinc (vrel’ N) (2)

where [ Cor (vrel), I, (N ), and P, (vrel,N ) represent the intensity of Co," with a

1

certain relative velocity, the intensity of Ary with a log-normal distribution, and the

incorporation probability between the clusters respectively. The distribution of the

relative velocity of Coy*, [ Co* (vrel), was experimentally measured, and the total

intensity of Co," was set to unity. In equation (2), the incorporation probability P,

mc

1s estimated as follows,

Pinc (vrel ’ N) = G(vrel ’ N)dArN lArN PC02+ArN (Vrel) (3)

where O(vrel’N)’ dyy s L, > and P, (Vrel) represent the collision cross section,

Co," Ary
the number density of Ary in a bunch, the spatial length of the Ary bunch, and the

probability of Co,"Ary production respectively. P .. (570m/s) and

PCO;Ar (l 300m/s) were relatively evaluated from the total intensity of Co,"Ar, (shown

in Figure 4). In fact, the product d Aer is adjusted to reproduce the relative

P
Aty © Co,"Ary

intensity of Co,"Ar,. Since the hard-sphere interaction is assumed to dominate the
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collision between Co," and Ary in v > 200 m/s, G(vrel,N) is represented by the

hard-sphere cross section as follows,

(- N)=zlry, +7, . f @

where r, ~and Mooy represent the radii of Ary and Co," respectively. The shapes of

the clusters are supposed to be spherical, and these radii are obtained from the densities
of solid argon [47] and cobalt [48].

The collisional intermediate, Co,"Ary, has the internal energy corresponding to
the summation of the collision energy and the potential energy difference as described
above. The internal energy of Co,"Ary is relaxed via the sequential evaporation of

argon atoms, and finally Co,"Ary becomes Co,"Ar,. The relation between N and n,

k(v N,n), is estimated from the energetics. The simulated intensity of cluster

rel®

complexes, [ CortAr (n), is given by the product of (2) with k(v N ,n) as follows,

rel?

ICofAr,l (l’l) = Z k(vrel ’ N’ n)ICOJArN (vrel 4 N) (5)

N

The simulated size distributions of Co,*Ar, reproduce those experimentally obtained
quite well as shown in Figure 5. This indicates that these assumptions are appropriate
for the explanation of the production mechanism of Co,"Ar,, and the log-normal
distribution and the sequential evaporation play essential roles in this model.

In summary, the cluster complex between a size-selected cobalt dimer ion and a
neutral argon cluster was successfully produced by using a merging-beam technique in a
pulsed mode. The detected largest cluster complex was Co,"Ars, and these cluster
complexes were produced through the evaporation of argon atoms from the collisional
intermediate, Co, Ary. The intensity of the produced cluster complexes increases
steeply with the decrease of the relative velocity between the clusters in vy < 200 m/s.
The intensity levels off in the region of 200 m/s < v < 1000 m/s and decreases in vy =
1000 m/s. This shows that the collision between the clusters occurs mainly based on

the charge—induced dipole interaction and hard-sphere interaction below and above the
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relative velocity of 200 m/s respectively. In the relative velocity higher than 1000 m/s,

the hard-sphere interaction is dominant but the incorporation probability becomes lower.
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Figure Captions

Figure 1

Schematic drawing of the experimental setup. (Source 1) a cobalt cluster ion source
composed of a pulsed valve and a condensation cell with laser ablation, (OPIG 1) an
octopole ion beam guide which passes through a deceleration cell filled with He gas,
(QMS 1) a quadrupole mass selector for size selection of cobalt cluster ions, (QDEF) a
quadrupole deflector for cobalt cluster ions, (Source 2) a pulsed valve for production of
argon clusters, (OPIG 2) an octopole ion beam guide for merging the cobalt cluster ion
beam with the argon cluster beam, (QMS 2) a quadrupole mass selector for mass
analysis of produced cluster complexes, (SEM) a secondary electron multiplier for ion
counting measurements. Spatial and temporal overlap of the bunch of Co," with that

of Ary is schematically shown in the inset.

Figure 2
Mass spectrum of Ar," obtained from Ary with the electron impact ionization.
Acceleration voltage of the electrons and the emission current were 70 V and ~100 pA,

respectively.

Figure 3
(a) Mass spectrum of Co,"Ar, produced by the collision between Co," and Ary. (b)
Mass spectrum of Co*Ar, produced by the collision between Co* and Ary. Intensities

of both product ions were normalized with unreacted Co," and Co", respectively.

Figure 4
Total intensity of the collision products, Coy"Ar, (n = 1-30), plotted as a function of the
relative velocity. The total intensities are indicated as the relative values to the

intensity of Co,". The solid line is proportional to 1/vy.

Figure 5

Size distributions of Co,"Ar, produced by the collision between Co," and Ary. Red
circles and open squares represent the relative intensities of Co,"Ar, at the relative
velocities of 570 and 1300 m/s respectively. The red and the black curves show the
relative intensities obtained from the simulations (see text) at the relative velocities of

570 and 1300 m/s respectively.
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Size-selected cobalt dimer cations are incorporated into neutral argon clusters
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