F Chirot 
  
S Zamith 
  
P Labastie 
  
J-M L'hermite 
  
"A new device to study unimolecular cluster nucleation"

Keywords: 36, 40, Jn Reactivity of clusters; 33, 15, Ta Mass spectra 39, 10, +j Atomic and molecular beam sources and techniques 36, 40, Qv Stability and fragmentation of clusters

We have developed an apparatus which allows measuring the sticking cross section of a neutral atom onto a mass selected charged cluster of known temperature. The main point is to reduce the kinetic energy dispersion in the mass selected cluster beam in order to work with ions of very low (near thermal) kinetic energy. A novel device is presented which focuses in energy with only a small loss in the beam intensity. An application is shown to the sticking of sodium atoms onto sodium clusters at an energy of a few tenths of an eV in the centre-of-mass frame.

Introduction

The unimolecular dissociation of clusters has been widely investigated during the last two decades [1,2,3,4,5]. The basic idea of all experiments is rather simple: one measures the number of atoms (or molecules) evaporated per unit time from an atomic (or molecular) cluster (for more simplicity, we restrict the following discussion to atomic clusters, but it can be applied without fundamental modification to molecular ones). The clusters are generally mass selected, and the variations of the evaporation rate with size and internal energy are measured. Evaporation can be either spontaneous [1], when the cluster is initially hot enough, or induced by an increase of its internal energy by photon absorption [2] or collision [3]. Such evaporation rates measurements give an insight into the thermodynamics of finite systems [4] in the frame of statistical models; they also give information on structural properties of clusters. Furthermore, the kinetic energy release distribution of neutral atoms emitted from photoexcited clusters can be analyzed [5].

Surprisingly, the opposite process, i.e. the sticking of a single atom onto a mass selected cluster, has never been investigated. Measurement of sticking cross sections is however of considerable interest. At a fundamental level, dissociation is closely linked to sticking according to the microreversibility principle [6]. From a more concrete point of view, nucleation processes are present everywhere in nature: for example, the nucleation of water molecules is responsible for cloud formation. Classical nucleation theory (CNT) is the most commonly used way to describe such nucleation processes. However, the discrepancy between this theory and experiment is often by orders of magnitude [7,8]. One crucial problem lies in a paradox of CNT. On the one hand, this theory is based upon macroscopic parameters, such as surface tension or latent heat. But on the other hand, one of its major postulates, the so-called "nucleation theorem" [9] states that there is a "critical size" n* which is a key parameter to describe the nucleation rate. The paradox is that n* is very small, ranging generally from ten to a hundred atoms, a range for which the macroscopic parameters used cannot be expected to give accurate results. For this reason, it is important to study the nucleation of clusters that are typically in this size range. Furthermore, Schmidt et al [10] have shown a strong size dependence of the melting temperature of small sodium clusters. The initial phase (liquid or solid) of the clusters should influence the nucleation process. Thus it is important to study the influence of the cluster's initial temperature on the sticking cross sections.

One possible reason for the lack of experimental data on the nucleation of clusters is that it is necessary to let cluster and atom collide at very low kinetic energy. If it is not the case, the cluster-atom collision leads to an effect exactly opposite to the expected one, i.e. the evaporation of an atom. The maximum allowed collision energy to observe sticking must be of the order of a few eV (depending on the size of the cluster). The practical problem is that the mass selection of clusters with classical methods (Time-Of-Flight (TOF) or quadrupole mass spectrometry) leads to much larger energy dispersions than a few eV.

Nevertheless, low energy collisions of mass selected clusters with atoms or molecules have already been carried out: ref. [11] deals with the fragmentation of M(H 2 0) 2 + (M=Fe, Co, Au), in [12] the collision Ar + n=2-23 + 36 Ar is studied, in [13] the reaction of H + (H 2 O) n=2-6 with acetone is investigated and in [14] the authors measure the cross section for incorporation of ND 3 in H + (NH 3 ) n=3-9 . In these experiments quite small clusters are produced in abundance in a supersonic expansion. In reference [11] mass selection is made by a TOF and the energy spread is reduced by setting particular temporal shapes to the extracting acceleration voltages.

However, it is not enough to get kinetic energies of a few eV in the laboratory frame. To get a smaller energy spread, the authors take advantage of the incoming ion beam being perpendicular to the acceleration plates: the thinner the beam, the lower the energy spread of the ions. Unfortunately, this is at the cost of a severe decrease in the intensity of mass-selected clusters. In references [11,12,13] the authors use the so-called guided ion beam (GIB) method. The mass selection of both reactant and products is done by quadrupole mass filters.

Without any additional device, the kinetic energy spread is about 10 eV [11]. In order to reduce it to a few eV, Kawai [12] and Orii [13] use a Bessel box energy analyzer. This last device does not reduce the energy spread, but selects the fraction of the clusters that have the desired energy to a given accuracy. Once again, it reduces the number of mass-selected clusters. This may be a crucial drawback when the amount of clusters is very low for an individual mass.

For experiments such as described above, the beam intensity is not an issue since they are performed with a supersonic expansion. In our case however, since we want to control the clusters temperature from 150 K to 500 K, we cannot use a supersonic expansion.

Furthermore, we want to explore clusters made of several hundreds atoms. For these sizes the cluster yield is drastically lower than for small clusters produced in a supersonic expansion.

Thus, these two reasons force us to work with relatively low beam intensities, so that it is crucial not to introduce too many losses when slowing down the clusters to the desired kinetic energy.

In this paper, we present a simple electrostatic device for generating thermalized mass selected clusters with kinetic energies of only a few eV in the laboratory frame (a few hundredth eV for a 100-atom cluster in the centre-of-mass frame). The key point is that no energy selection is made so that a very good transmission trough the apparatus is obtained.

The device performs an "energy focusing" that gives the same energy, to a good precision, to a large part of the clusters. We have applied successfully this technique to the sticking of individual sodium atoms onto sodium clusters and we measured absolute sticking cross section.

In section I, we give an overview of the experimental setup. We develop the principle of our method in section II, and section III is devoted to a detailed description of the device.

Finally we present the first experiments applied to the sticking of sodium atoms onto sodium clusters in section IV. Section V is devoted to a discussion of the relative advantages of our setup.

I. General overview of the experimental setup

A sketch of the experimental setup is shown in Figure 1. Sodium clusters are produced and ionized in a gas aggregation source. This source has been extensively used in previous cluster physics experiments [START_REF]Clusters of Atoms and Molecules, Theory, Experiment[END_REF] and will not be described in detail. Briefly, sodium is heated up to 580 K in a crucible in contact with helium gas cooled down to 170 K. The helium pressure is 1 mbar whereas the sodium vapor pressure is of the order of 10 -2 mbar. Cluster formation occurs due to the condensation of the hot sodium vapor in the cold buffer gas. A 150 V potential is applied to the crucible, creating a hollow cathode discharge that ionizes the clusters.

Next they enter a copper thermalization chamber (length 150 mm, diameter 20mm) through a 10 mm hole. Clusters are thermalized by collisions with helium atoms being themselves at the chamber temperature. The helium pressure in this chamber is of the order of 1 mbar. This leads to an average number of collisions between the clusters and the helium atoms on the order of 10 4 , thus insuring a good thermalization. The temperature of the chamber can be varied from 150 to 500 K. The output hole of the chamber is an iris diaphragm whose diameter can be adjusted in order to maximize the cluster yield. The working diameter is of the order of 5 mm. It must not be too small in order to avoid supersonic expansion that would cool the internal degrees of freedom of clusters, and then change their temperature. This feature limits the intensity of the beam. We estimate that for a given mass we produce 10 5 ions per second.

Charged clusters then enter the first mass selection stage through a 1 mm skimmer (Beam Dynamics). The clusters are accelerated in a three-plate Wiley-McLaren type device (WML) (see figure 2). The distances between plates are 10.9 mm and 13.5 mm. In order to define very precisely the potentials we use 90% transmission nickel mesh (Labelcomat, 70 lines/inch).

The next two stages labeled "energy focusing" and "braking" on Figure 1 reduce the kinetic energy spread of a mass selected cluster and allow adjusting its kinetic energy to low values. This is the crucial point of the experiment that will be described in detail in section II.

After these two stages, we have mass selected thermalized clusters of known kinetic energy.

Slow clusters then enter the collision cell (50 mm long, 5mm input diameter, 30 mm diameter). This cell contains a sodium vapor whose density is controlled by setting its temperature.

Under the right conditions, sticking of one or several atom(s) onto the clusters occurs.

The collision products are analyzed in a second Time-Of-Flight mass spectrometer. A reflectron improves its resolution up to about 4000. Its large angular acceptance (the entrance diameter is 60 mm) reduces losses due to transverse motion. The geometry of the three-plates acceleration zone has been optimized in order to collect efficiently the ions. Simulation shows that the spatial dispersion after the cell is about 20 mm. Thus the distance between the first two accelerating plates is 20 mm in order to avoid losses. The distance between the last two plates is 30 mm. These distances are larger than those of the first WML. Although we use nickel mesh on the first two plates, these rather large distances cause spatial dispersion that is compensated using an Einzel lens just after the end plate. The detector is a tandem microchannel plates device.

If the collision energy is low enough, the new clusters do not evaporate before they are detected. The sticking cross section can then readily be deduced from the size distribution.

II. Principle of the energy focusing

Let us first recall some key points of the operation of a WML [16]. We refer the reader to Figure 2a for notations. We consider clusters of a given mass m and charge q. At a time T=0, the voltages V s and V d are applied to the acceleration plates. The clusters then acquire a potential energy U which depends on the initial abscissa s of the cluster between the plates at 
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for a cluster of mass m and charge q. The relation between the position of a cluster and its kinetic energy is displayed in Figure 2b, for different times T. In order to characterize the effects of the dispersion in energy, we develop D(U) in a Taylor expansion around U=U 0 , the energy of a cluster starting from the middle between the first two plates, s=s 0 /2.
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Because of the form of equation ( 1), coefficients α and β depend linearly on time. Hence they become zero at different times T. For the usual operation of WML mass spectrometers, the detector is placed at a distance such that α is zero. This is the time focus point. Here we want a focus in energy. By applying a pulsed electric field E foc = -1/(αq) at some distance when the selected clusters arrive, it is easy to compensate for the linear dispersion given by α. If we choose to apply the field at the time T foc where β is zero, the energy dispersion is compensated up to third order. In other words, the condition
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determines a time T foc and a distance D foc where a voltage V foc corresponding to E foc (see Figure 2a) is applied. T foc, D foc, and E foc are given by the following expressions:
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D foc depends only of the ratio E d /E s . Moreover, it should be noted that D foc and V foc do not depend on the mass. This is important: to change the mass under study, we only need to change T foc . A single mass corresponds to a given T foc . Thus, only this mass has an energy dispersion low enough to be slowed down without being spread out in time: The energy focusing also acts as a mass selection.

III. The energy focusing device

Description of the device

The device displayed on Figure 3 performs both energy focusing and braking of the ions. It is made of 14 stainless steel plates of 12 cm diameter held by four steel rods housed with a glass tube to ensure electric insulation. A 12 mm hole is drilled at the center of each plate (except the plate n°11 whose hole is 18 mm diameter). The distance between plates 1 and 2 is 25 mm. Plates 2 to 10 are separated by 10 mm. The distance between plates 10 and 11, 12 and 13, 13 and 14 is 5 mm and between 11 and 12 is 10 mm.

The focusing voltage is applied between the first two plates (n°2 is grounded) and a 90% transmission nickel mesh (Labelcomat, 70 lines/inch) is used to define a more homogeneous electric field.

Plates n°2 to 10 of the apparatus are used to slow down the ions. An exponential decelerating potential is applied (V i =V 0 (1-e -i/Γ ) for the plate i) in order to minimize spatial defocusing [11]. The exponential shape of the potential is obtained by connecting the plates with appropriate resistors. The end plates n°10, 12, 13 and 14 are set to the same potential in order to define a zero-field zone (we will see later why such a zone is necessary). A 20mm long cylindrical extension is added on plate n°14 in order to increase the length of this zone.

An additional plate (n°11) can be set to a potential V fs different from the plates n°10, 12 and 13: it acts as an Einzel lens by reducing losses due to transverse motion.

Although it would theoretically improve the performance, mesh cannot be used on the plates n°3 to 14 for two reasons: first, the total transmission would be too low; second, ions kinetic energy is reduced and the field distortion would produce a drastic spatial defocusing [17,18].

Operation

Time synchronization is very important since all voltages must be pulsed. The repetition rate is 100 Hz. High voltages are provided by low noise power supplies (Bertan model 205B) and pulses are generated by TTL driven fast high voltages switches (Behlke HTS 51) whose rise time is lower than 10ns. The value of pulsed voltages is defined to about ± 0.2 V and the pulse-to-pulse temporal jitter of the switches is less than 1 ns. The synchronized TTL signals are provided by a timer card (National Instrument) clocked to 80 MHz.

Figure 4 displays the main sequences of the operation. At T=0 the voltage pulses are applied on the two accelerating plates (Figure 4a). For a given mass, the voltage V foc must be applied at time T foc . At this time, a voltage V b is already established on the exponential barrier (Figure 4b). The value of this voltage is chosen as a function of the desired kinetic energy. It is straightforward to calculate the appropriate value: if the mean kinetic energy after focusing is E k0 and if E k is the desired kinetic energy, V b has to be set to (E k0 -E k )/q. However if this were all we did, the clusters would be accelerated again after the end of the braking device since the collision cell is grounded. Thus it is necessary to shut down V b at time T 1 , when the clusters are in the zero-field zone (Figure 4c). This has to be done very rapidly so that the voltage is zero to a good accuracy when the clusters go out of the device.

That's why a careful study of the time response of the system has to be done. Since the resistor chain used to provide the exponential barrier contains high resistances, the parasite capacitances due to the plates have to be considered. It's easy to show that the best performance is obtained for equal RCs at each stage. Adjustable capacitances have been added to achieve this.

Once the potential barrier is shut down, the clusters enter the collision cell and reach the last mass selection stage where they are accelerated again at time T 2 (Figure 4d).

IV. Experimental results

Energy focusing

The velocity distribution of slow clusters can be measured directly in our setup. When V b has been shut down at time T 1 , the clusters mean position is x 1 . When the 2 nd acceleration voltages are switched on at time T 2 , the mean position of the ions is x 2 (x 2 -x 1 = d in Figure 4).

The clusters mean velocity is then v = (x 2 -x 1 )/(T 2 -T 1 ). By recording the ion signal as a function of T 2 , one can determine the velocity distribution. The main difference from case I) to II) is that they are obtained under two different spatial focusing operating modes. Spatial focusing is necessary: when clusters are slowed down, one can no longer neglect their transverse motion. The entrance diameter of the cell being 5 mm, the beam has to be refocused so that all clusters go through the cell. The refocusing is achieved by setting plate n° 11 to a potential different from the neighboring ones. Doing so, it acts as an Einzel lens. The time at which the potential barrier has to be shut down is affected by this potential: the clusters take more (less) time to reach the zero-field zone for a higher (lower) potential. We estimate that the transmission is increased by about a factor 4 in case II) when spatial focusing is achieved.

Let us now detail the difference between mode I) and mode II). In I), the voltage V fs is set to a value larger than the potential barrier V b by a few tens volts whereas in II) V fs is smaller than V b by hundreds volts. The first mode results in an excellent focusing provided that the cluster kinetic energy is very close to the mean value E k0 . In the second mode, this point is less stringent. SIMION [19] simulations show that the margin of tolerance δE around E k0 is about ±0.7 eV in the first case and 7 eV in the second case. In case I) the energy dispersion is smaller because clusters whose energy is different from E k0 by more than 0.7 eV are spatially discarded. The signal is obviously reduced but remains comfortable enough to work. In case II), the width of 4 eV is the true total dispersion of the apparatus. The energy spread could theoretically be as low as 0.1 eV, but is larger than this for several reasons. First, the applied voltages and delays are subject to the noise mentioned in the previous section.

However, this gives a small dispersion, of the order of ±0.25 eV. The most important source of energy spread is the initial velocity distribution of clusters in the beam. As mentioned in section II, the energy focusing relies on a linear relation between the position and the kinetic energy at time T foc . Any initial velocity distribution will induce a deviation from it. Indeed, clusters starting from the same initial position s but having different initial velocities will end up at slightly different positions between the focusing plates at time T foc . In figure 5 II), Na 100 + clusters are thermalized at 143 K. In our experiment, clusters are seeded in helium; simulation shows that, although their mean velocity is shifted to the mean velocity of helium, their translational temperature remains the same: the FWHM of their velocity distribution is of the order of (2kT/m) 1/2 = 40 m.s -1 . This is exactly the value deduced from the fit in Figure 5 IIa).

One can actually choose between mode I) and mode II): if the ion yield is large enough, it is possible to select the mode I), for which the energy resolution is better; on the other hand mode II) provides a better ion yield.

It should be noted that, for a given T 2 , another feature limits the energy spread of the detected ions: only clusters that are present at T 2 between the first two plates of the second TOF are detected. Let v be the velocity of the cluster across the cell, E k the corresponding kinetic energy, d the distance from the zero-field zone to the middle of the accelerating region, and δd the width of this region (see figure 4). The restriction above mentioned is approximately defined by δE k /E k =2δv/v<δd/d. δd/d is about 20%, so δE k /E k <40%. It corresponds to δE k ≈4 eV for the example given in figure 5 II).

In cases where a supersonic expansion can be used to generate clusters, our apparatus is likely to provide better performances since we have demonstrated that the main limitation to the energy focusing is the initial velocity dispersion.

We estimate the overall transmission through the device to be more than 20% for Na 82 + slowed down to about 10 eV (using spatial focusing mode II)). This corresponds to about 3 clusters detected per pulse. This allows us to observe sticking under very good conditions.

Sticking of sodium atoms onto sodium clusters

Figure 6 displays the first experimental sticking results. We select Na 81 + thermalized at 158 K and with a kinetic energy E k of 20 eV in the laboratory frame (corresponding to a collision energy of about 0.3 eV). The experimental values are:

V s = 725 V, V d = 520 V, V foc =
222 V, T foc = 36.9 µs, V b = 719 V, V fs = 205 V, T 1 = 72 µs, T 2 = 162 µs.

Then we increase gradually the temperature from 293 K to 533 K, and thus the density of atoms, in the collision cell.

Without vapor in the collision cell (Figure 6a), there is no sticking and only Na 81 + is detected. For a density ρ = 7.10 18 atoms/cm 3 (Figure 6b), Na 82 + and a small amount of Na 83 + are produced. If one increases the density, up to 6 sticking events can be observed (Figure 6c).

Under these conditions the parent clusters are all converted to higher mass species, the maximum size being Na 87 + .

This "saturation" of nucleation is actually easy to explain if we focus on the lifetimes of the nucleation products. At each sticking event A n +A⇒A n+1 , the internal energy of the incoming cluster A n is increased by D n+1 +E c CM , where D n+1 is the dissociation energy of A n+1

and E c CM is the collision energy in the center of mass frame. In our case, D n+1 >>E c CM . The dissociation energies do not vary much from one size to another for clusters of a hundred atoms, so let's note it D. Thus, starting from a cluster of size p and internal energy E* p , the internal energy E* q of a cluster of size q obtained by sticking is approximately E* q =E* p + (qp)D. From previous experiments, the relation between internal energy and mean evaporation time is well known for sodium clusters [20]. As we know the initial temperature of Na 81 + , it is easy to calculate E* 81 and E* 81+n . In our experiment, clusters are detected at the right time of flight only if they do not evaporate before they enter the reflectron. The propagation time τ from the cell to the reflectron, which depends on the selected kinetic energy, the voltages and the mass, is easy to calculate. The first undetected mass m has an internal energy E* m leading to a lifetime smaller than τ. Using the parameters of [20], this simple theory gives an estimate that perfectly agrees with experimental observation. Moreover, the value of m depends on the initial temperature. The agreement between theory and experiment indicates that the cluster has been thermalized to the expected value. Note that this time τ is particularly small in our experiment (it is about 150 µs for the considered conditions). This feature reduces the awkward problem of spontaneous dissociation.

The measurement of the sticking probability for a cluster of size n leads to the absolute nucleation cross sections σ(n). Let I be the amount of clusters that have not undergone sticking, and I 0 the total amount of incoming clusters. For example, I 0 is the sum of the areas of all the peaks of Figure 6, whereas I is the area of the first one. Let E k denote the kinetic energy of the incoming clusters in the laboratory frame, d the length of the cell and ρ the density of atoms in the cell as deduced from the vapor pressure of sodium at the temperature of the cell T. A simple calculation gives σ(n):
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For the nucleation reaction Na 81 + +Na ⇒ Na 82 + we determined a cross section of 200 Å 2 . For this preliminary result, the error bar is quite difficult to estimate. In particular, the density of sodium vapor in the collision cell needs to be known with a better accuracy. The measurement of nucleation cross sections for sodium clusters as a function of the size is the next step of the experiment, but it is out of the scope of this paper and will be the subject of a forthcoming publication.

V. Comparison with alternative devices

We have already briefly described in the introduction other methods to get low energy collisions.

One alternative device also uses a TOF [11] but our setup provides a better energy resolution [21]. GIB devices use quadrupoles and octopoles [12,13,14]. Without any "slicing" (i.e. without Bessel Box), they provide an energy dispersion of the order of 10 eV. Our setup is better on this point. Another advantage of our method is that the time between collision and detection, and thus post collisional evaporation, is reduced compared to GIB devices. On the other hand, their energy resolution is better than our when using a Bessel box. Concerning the overall transmission, we could not find quantitative data concerning the GIB method.

Anyway, when using a Bessel box the transmission is certainly much smaller than our.

To conclude, our apparatus is a competitive alternative to GIB. It seems to provide performances at least as good as GIB when no slicing is made. On the other hand, a GIB apparatus with a Bessel Box provides an excellent energy resolution that we are not able to reach with our effusive source. Nevertheless, a better energy resolution could be obtained with our setup using a supersonic expansion.

Finally, let us point out that our device is simpler and cheaper than a GIB apparatus (that uses two octopoles, two quadrupoles and a Bessel box).

Conclusion

We have developed a new device to produce mass selected thermalized clusters with very low kinetic energy. Energies as low as 10±2 eV in the laboratory frame are routinely obtained with a comfortable ion yield. We used successfully this device for measuring the absolute sticking cross section of sodium atoms onto sodium clusters. It opens the way to new investigations in the physics of nucleation processes. 
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 5 Figure 5 displays two examples of ion yield as a function of T 2 together with their corresponding kinetic energy distributions. Figure 5 I) concerns Na 82 + . The experimental parameters are set to the following values: V s = 745 V, V d = 520 V, V foc = 198 V, T foc = 37.9 µs, the potential barrier is set to V b = 702.2 V and the spatial focusing voltage to V fs = 729.6 V, they are shut down at T 1 = 90 µs. The measured kinetic energy is 12±0.6 eV. Figure 5 II) shows Na 100 + signal obtained with V s = 725 V, V d = 519 V, V foc = 219 V, T foc = 40.8 µs, the potential barrier is set to V b = 728.5 V and the spatial focusing voltage to V fs = 541.7 V, they are shut down at T 1 = 90 µs. The fitted curves are obtained from a numerical simulation of the signal detected in our second TOF as a function of T 2 . The simulation takes into account the distributions of initial positions s in the first acceleration stage and the initial velocity distribution of the clusters. Furthermore we introduce noise on times and voltages.
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 123 Figure 1: Experimental setup.
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 456 Figure 4: Illustration showing the different delays involved in the operation: (a) T=0: voltages are applied on the first acceleration stage. (b) T foc : the energy focusing voltage is switched on. (c) T 1 : the potential barrier voltage is switched off. (d) T 2 : voltages are applied on the second acceleration stage.

  s 0 and E d =V d /d 0 are the two accelerating electric fields,

	U=qsE s +qd 0 E

d , with s the abscissa of the cluster defined leftwards from the plate at V d . The particular design of the acceleration region with two fields allows a small relative dispersion of energy. This dispersion is however much too high for our purposes. Now, the distance D from the last accelerating plate reached after a time T is:
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